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SUMMARY OF THESIS 
This Thesis consists of three Parts: all of 
them are concerned with environmental effects on 
the stretching frequencies of groupings of the 
type of -XY 2 in molecules, especially in relation 
to the structure of the XY 2 system. This work 1s 
a sequel to some previous work on the effect of 
substituents on CO stretching frequencies in 
carboxylate ions. 
. 
1 
An XY 2 system performs two stretching vibrations; 
if the XY 2 system is symmetrical these are the 
symmetric and the antisymmetric YXY stretching motions. 
In some molecules containing symmetrical XY 2 groups 
these vibrations are largely localized within the 
XY 2 system; if the XY bond is polar, the stretching 
vibration frequencies may be sensitive to the polar 
effects of substituents in the remainder of the molecule. 
In such molecules the symmetric and the antis ymmetric 
YXY stretching frequencies are affected in roughl y 
the same manner by, e.g., an electron- withdrawin g 
substituent. 
In other such molecules the YXY stretchin g 
vibrations are not localized within the XY 2 system 
but interact appreciably with vibrations in ot her parts 
1 1 
of the molecule. In such cases the YXY stretching 
frequencies are affected by the mass of a nearby 
substituent; unless there are special com pli cations, 
the shifts of the symmetric and the antisymmetric 
stretching frequencies are again similar in magnitude. 
Extended studies of molecules of this type have, 
however, not appeared in the literature so far. 
Part I of this thesis deals with environmental 
change near a CO 2 grouping, namely a change in t he 
counter cation. Part II deals with molecules that 
are iso-electronic with substituted acetate ions, 
namely substituted nitromethanes. Part III deals 
with control compounds that contain an N0 2 grouping 
which undoubtedly is symmetrical, namely the anions 
of nitromethanes; the parent anion, H2C=N+(o-) 2 , 
has c2v symmetry. 
The infra-red spectra of the alkali metal salts, 
and alkaline earth metal salts, of acetic acid, and 
halogenated and methylated acetic acids, are 
discussed in Part I. Regular patterns are found 
in the behaviour of the fre qu encies of the carboxylate 
ions; very few salts deviate from the pattern. The 
two carboxylate stretching frequencies are affected 
differentl y when one counter cation is replaced by 
another. 
The frequency near 1600 cm-l sho ws little 
sensitivity to the mass of the counter cation; unless 
the metal ion is very light, the mass effect on t his 
fre quency is both small and irregular. A doublin g 
of the charge on the cation, while the mass rema i ns 
almost unchanged, results 1n a decrease in the 
-1 frequency near 1600 cm . 
-1 The frequency near 1400 cm shows a sizeable 
dependence on the mass of the counter cation; if the 
charge on the cation remains constant, the fre quency 
decreases as the mass of the cation increases. A 
doubling of the charge on the cation while the mass 
remains almost unchanged, results in an increase of 
the frequency near 1400 cm- 1 . 
The C-C stretching and CO 2 bending fre quencies, 
and, in halogenated acetate ions, most of the 
carbon-halogen fre quencies are affected by a change 
of the counter cation; they behave very li ke t he 
carboxylate stretchin g fre quency near 1400 cm- 1 . 
Thus the behaviour of the carboxylate stretc hi ng 
frequency near 1600 cm-l is unusual. 
i i i 
These observations can be ex plaine d on t he bas is 
1:: - -1:: 
of the sym metrical structure 2 o- - --c ---- o 2 as wel 1 
as on the basis of C symm etry for t he carb oxy lat e gro up. 
s 
1V 
But the other evidence such as X-ray diffraction, 
018 substitution, the Raman intensities and the Raman 
depolarization ratios, strongly support the former. 
The vibration spectra of nitromethane, halogenated 
nitromethanes, and of deuterated derivatives are 
discussed in Part II. The effect of substituents 
has been examined fully. 
Qualitatively the two stretching frequencies of 
the nitro group behave very like those of the 
carboxylate ion grouping. The frequency near 1560 
which is generally attributed to antisymmetric ONO 
stretching is raised as the substituent becomes 
increasingly electron-withdrawing. The frequency 
at 1390 cm-l in unsubstituted nitromethane, which is 
generally attributed to symmetric ONO stretching, 
decreases as the mass(es) of the substituent(s) 
increase(s). 
Quantitatively, there are differences between 
the substituent effect on the stretching frequencies 
of the CO 2 group and those on the N0 2 grou p: the 
polar effect on the higher N0 2 stretching fre quency 
-1 
cm 
is much smaller; the irregularities in the shift of 
the lower frequency found for carboxylate ions 
containing first-row atoms as substituents, are either 
much reduced or absent in substituted nitromethanes. 
' 
The differences in behaviour upon substitution 
between the higher and the lo wer N0 2 stretching 
frequencies are explained in terms of c2v symmetry 
and Cs symmetry of the nitro grou p . Again the Raman 
V 
intensities and the Raman depolarization ratios su pp ort 
the c2v structure of the nitro group. 
In nitromethane containing a resonant nitro 
group, the Me-C portion has c3v symmetry and the CN0 2 
portion has c2v symmetry. For such a molecule al
l 
allowed infra-red transitions must be polarized along 
one of the principal axes; the infra-red absorption 
bands of nitromethane vapour should therefore show 
simple contours (of A-, B- or C-type), exce pt in the 
cases of degeneracies. The vapour spectra of CH 3No 2 
and co 3No 2 have been exami ned carefully, and the band 
contours in general strongly favour the symmetrical 
structure of the nitro group. 
The infra-red spectra of the sodium salts of 
nitromethane and several of its halogenated derivatives 
are described in Part III. Oeuterated as well as the 
protiated salts were studied, and com ple te band 
assignments have been made. 
In these anions the antisymmetric N0 2 stretching 
frequency is lowered some what with the increase in the 
mass of the substituent while the symmetric N0 2 seems 
Vl 
to be affected by the polar effects of the substituents. 
Even if the (N0 2) group in the nitronate ion has c2v 
symmetry, the two stretching frequencies of this group 
are affected differently which is not analogous with 
the behaviour of the NH 2 group stretching frequencies 
and so 2 stretching frequencies. Similarly it is 
possible that in case of the carboxylate stretching 
group and the nitro group (in nitromethanes), even if 
they are of symmetrical structure, the two stretching 
frequencies do not shift in the same direction. 
A small amount of work has also been done on the 
effect of the counter cation on the ONO stretching 
frequencies of the nitronate group. In the examples 
studied no effect due to the mass of the cation was 
observed for either frequency. A doubling of the 
charge on the cation resulted in a lowering of both 
ONO stretching frequencies. Thus a change of counter 
cation produces roughly parallel changes in the 
symmetric and the antisymmetric stretchin g fre quency. 
This contrasts sharply with the counter cation 
effects observed for substituted acetate ions, 
described in Part I of this thesis. 
Vll 
ABBREVIATIONS 
a. s. or asym. st. for antisymmetric stretching vibration 
s. s. or sym. st. for symmetric stretching vibration 
p. a. s. for pseudo antisymmetric stretching vibration 
p. s. st. for pseudo symmetric stretching vibration 
st. for stretching vibration 
H. C. F. or CO 2 st I for higher carboxylate stretching vibration 
L. C. F. or CO 2 st II for lower carboxylate stretching vibration 
twist for twisting vibration 
be for bending vibration 
sciss for scissoring vibration 
,. p. be for in-plane bending vibration 
o. p. be for out-of-plane bending vibration 
rock for rocking vibration 
wag for wagging vibration 
Fre. for frequency in cm- 1 
Depol. Ratio for Depolarization Ratio 
* Int for intensity 
* The relative peak intensities of the bands within 
each spectrum over and above any background absorption 
or scatter, are in optical density units in the 
infra-red and in arbitrary units in the Ra man spectra. 
PART I 
THE EFFECTS OF THE COUNTER-CATION ON 
THE SOLID-STATE INFRA-RED SPECTRA OF 
SUBSTITUTED ACETATE IONS 
SUMMARY OF PART I 
The solid-state infra-red spectra of the salts 
- + . RC0 2 X , where X = L1, Na, K, Rb, Cs, Ca, Sr, and Ba, 
and R = CH 3 , (CH 3) 3c, CF 3 , CC1 3 , CBr 3 , CHF 2 , CHC1 2 , 
CHBr 2 , CH 3CH 2 , CH 2CN, CH 2F, CH 2Cl, CH 2Br and CH 2 I 
have been determined. 
The fre qu ency of the very intense infra-red band 
near 1600 cm- 1 , which is normally attributed to the 
antisymmetric stretching vibration (5) of the 
carboxylate grouping (3), does not show any regular 
change when the mass of the cation is changed while 
the charge on the cation remains constant. The strong 
infra-red stretching band at about 1400 cm- 1 , due to 
the lower stretching vibration of the carboxylate group, 
normally considered to be symmetric OCO stretching (4), 
shows a general decrease in frequency when the mass of 
the cation is increased, while the charge on it remains 
constant. When the charge on the cation is increased 
(keeping the mass of the cation almost constant) the 
higher stretching frequency of the carboxylate grouping 
is decreased while the lower one is raised. In 
summary, the two frequencies are affected differently 
when one cation is re placed by another. 
The results are interpreted on the basis of 
the c2v structure of the equivalent CO bonds and 
on the basis of the Cs structure. 
1 
CHAPTER A 
INTRODUCTION 
. 1-19 33 The vibrational spectra of the formate 10n ' 
and the acetate ion have been studied extensivel y and 
the band assignments have been made. In addition to 
infra-red and Raman spectral studies of various 
isolated substituted acetate ions 25 - 32 , 34 , a 
systematic examination of the effect of the substituents 
on the vibration spectra of such ions has been carried 
29 
out. 
A non-linear sy stem of N particl es will give rise 
to 3N-6 fundamental intramolecular vi brations 
corresponding to the 3N-6 degrees of freedom (6 degrees 
of rotation and translation). Therefore a grou p such 
as formate ion HC0 2 will give rise to six (3N-6) 
vibration modes. The symmetry s pecies designation of 
these modes is determined by t he point group symmetry 
of the molecule, which in the case of t he for mat e i on 
may be either c2v or Cs de pending on t he equiva l e nce 
or inequivalence res pectivel y of t he t wo C-0 bond s . 
TABLE 1 
SYMMETRY SPECIES OF FUNDAMENTAL VIBRATION 
OF THE FORMATE ION OF c2v and cs SYMMETRY 
Mode of Vibration Symmetry 
A 
cs C2 V 
CH st. A' Al 
CO 2 Higher st. A' Bl 
CO 2 Lower st. A' Al 
CH i .p.be A' Bl 
CH o.p.be A II B2 
CO 2 SC i S • A' Al 
In the infra-red spectra of carboxylate ions 
2 
there are two strong absorption bands, one near 1600 cm-l 
and the other near 1400 cm- 1 , thes e are normally 
attributed, r es pectively to the antis ymmet ric stretching 
vibration (5) and the symmetric vibration (4) of the 
carboxylate group, considering that the carboxylate 
group has t he symmetrical structure. 
,/0 
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/ 0 
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( 7) 
On the basis of resonance among the various 
valence bond structures Pauling predicted the 
configuration of the carboxylate ion grou p to be 
that in which the angle OCO is equal to 125° 16' 
0 
and each CO bond length is equal to 1.27 A . 
3 
(The single bond length (C-0) is equal to 1.42 A and 
the double bond length (C=O) is equal to 1.21 A) 36 . 
This prediction is sup ported by the X- ray di ffract i on 
data on the carboxy late grou p which normal ly gi ve 
equivalent or nearl y equivalent CO bond leng t hs 
(Table II). 
TABLE II 
CO BOND LENGTHS AND OCO BOND ANGLES OF SOME OF 
THE FORMATES AND ACETATES AS DETERMINED BY 
X-RAY DIFFRACTION 
Compound 
(HCOO)Na a 
(HC00) 2Sr c 
d (HC00) 2Ba 
Bond 1 en g th 
in A0 
C-0 = 1.27 
C-0 = 1.25±.03 
C-0 = 1.25±.03 
C-0 = 1.25±.03 
C-0 = 1.25-1.28 
f (CH 3COO)Mg.4H 20 C-0
1 
= 1.33 
C-0 11 = 1.25 
Bond angle 
in degrees 
120° 30 1 
a b C from Ref.39; from Ref.40; from Ref.41; 
d e f from Ref.42; from Ref.57; from Ref.49. 
Th 4 8- 5 0 . h . h ere are a few cases 1n w 1c X-ray 
diffraction studies have yielded two different CO 
bond 1 engths. Amirthalingam and Padmanabhan 48 
4 
reported that in lithium acetate dihydrate the two 
CO bond lenghts are 1.33 A0 and 1.22 A0 . However, 
Clark 51 has reported that there were discrepancies 
in the calculations of the atomic positions and the 
structure of lithium acetate dihydrate should not be 
taken as satisfactory at present. In the infra-red 
spectrum of lithium acetate dihydrate reported here 
(Fig.1) the two carboxylate stretching modes are at 
1590 cm-land 1436 cm-l (quite similar to those of 
other acetates, and are comparable wi th those of 
formates of the cations for which equal CO bond 
lengths 39 - 42 have been reported). 
In magnesium acetate tetrahydrate 49 the two CO 
bond lengths are reported to be 1.33 A0 and 1.25 A0 
(Table II). Magnesium acetate tetrahydrate is 
isostructural with nickel acetate tetrahydrate 59 in 
so far as the positions and parameters of the t wo 
acetates are concerned, but the values of the CO 
bond lengths 1n the latter are considerabl y closer, 
1.29 A and 1.31 A. 
Studies of sodium formate by vibration spectro-
scopic techniques are relevant to the problem 
of the structure of th e car boxyla te group. The 
polarised infra-red spectrum of a single crystal of 
sodium formate was studied by Newman. 8 He assumed 
5 
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that the co 2 group was of c2v symmetry and he had to 
conclude that the intense band at 1366 cm -1 in very 
' 
contrast to a 11 other workers, must be assi gned to 
the C-H in-plane-bending vibration and not to the 
symmetric stretching mode. 
Charlton and Harvey 17 re peated this wo rk using 
far superior instrumentation and full y co nfi rmed 
Newman's results. They stated that Bernstein's 
Raman spectrum assignments are su pp orted by th e 
measured depolarization ratios suggesting that the 
solvent effects produce a down ward shift of about 
27 cm-l in the symmetric stretching fre quency while 
the C-H in- plane-bending frequency undergoes an 
upw ard shift of 24 cm- 1 . 
Spinner 18 , 29 , 52 has published three papers on 
the structure of carboxylate group. He found that in 
substituted acetate ions 29 both carboxylate stretching 
frequencies are affected by the substituents but the 
manner in which they are affected is qui te different 
-1 for the two. The higher fre quency (at 1583 cm in 
sodium acetate) increases very rapidl y with the 
increase in the electron-withdrawing effect of the 
substituent and shows no mass effect. The lower one 
(at 1421 cm-l in sodium acetate) is no t noticeably 
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affected by the polar substituents but decreases 
markedly with the increase in the mass of the 
substituent. 
He argued that if the carboxylate group is 
symmetrical as in (3), substituents should affect 
the stretching vibration of the carboxylate group 
in roughly the same manner, as is the case for the 
two OSO stretching vibration frequencies. In 
compounds RS0 2R' ,
37 the OSO frequencies are both 
sensitive to the polar effects of the substituents, 37 
the relative effect on the symmetric stretching 
frequency 1s about 0.8 times the asymmetric one. 
In amines too 38 , 53 , the two stretching frequencies 
of the NH 2 group are both raised by the increase in 
the electron-withdrawing effect of the substituents. 
He therefore deduced that the carboxylate group in 
acetate ion is in fact not symmetrical but has the 
classical structure (6). On this bases the higher 
carboxylate stretching frequency may be described as 
C=O stretching frequency and the lower one as C-0 
stretching (mixed with 
j) 
C-C stretching}./-
R-C 
~-
R-, 
( 6 ) ( 7) 
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Spinner52 believes that studies on carboxylate 
stretching frequencies in a wide range of benzoates 
also support t he classical structure. 
Spinner 18 also studied the Raman and the 
infra-red spectra of sodium formates, HC0 2Na and 
DC0 2Na. He observed that the Raman spectral depolar -
ization ratios for the band at 1384 cm-l the CH 
in-plane-bending vibration, and that at 1014 cm-l in 
oco 2Na, the CD in-plane-bending vibration, are less 
than the maximum value possible for the de polarization 
ratios. Maximum depolarization is ex pected if the 
formate ion is of c2v symmetry, i.e. if it has the 
structure (3). 
In the sodium formate crystal, the space group 
of which is C~h , there are four HC0 2Na molecules per 
unit cell; all ionic planes and all the HC-Na axes 
lie parallel to one another. 39 Wi th this arra ngement 
and c2v ionic symmetry onl y on e infra-red ban d is 
allowed in the crystal for each infra-red band in t he 
free ion as pointed out by Harvey et al . 11 A clear 
splitting of the band at 1366 cm-l (CH in-plane-bending) 
was observed by Spinner 18 and 1n order to explain the 
band splitting he concluded t hat the formate ion is 
not of c2v sy mm etry but is of Cs symmetry. 
Another independent method of determining the 
nature of the carboxylate group is by studying its 
spectrum after 018 substitution. Junge and MUsso 19 
have studied the infra-red spectrum of 40 and 60% 
018 enriched sodium deuterioformate and concluded 
that the two CO stretching force constants are equal, 
and the charge and bond delocalization is complete. 
11 
According to Junge and MUsso 19 , if the carboxylate 
group has the structures (6) and (7) undergoing a 
very rapid equilibrium, as suggested by Spinner 18 , 29 , 52 , 
16 18 16 18 
a mixture of CO 2 , CO O and CO 2 should show 
four bands, for each of the two carboxylate stretching 
vibration. But if the carboxylate group is of 
structure (3), only three bands will be observed. 
They observed only three bands for the lower carboxylate 
stretching frequency (they could not resolve the higher 
carboxylate stretching band), thus clearl y establishing 
that the carboxylate group exists as a resonant hybrid. 
-...... 
...,.,,__ 
016 
/ 
-C 
016 018 
( 8) ( 9) 
12 
In the Raman spectra the higher car boxylate 
s t re t c h i n g b a n d i s u s u a l l y v e r y w e a k ( T a b l e XI l I · J ~ q ) . 
In the spectra of the formate ionlO,lB and ac E. ·- ate 
ion 29 , 3oa this band could not be detected. While 
in the corresponding acids the carbonyl stretching 
( C = O ) ban d i s very s tr on g 3 O a' 3 O~ I f the car boxy l ate 
group has the classical structure as suggested by 
Spinner 18 , 29 , 52 , one would expect this band to be 
at least of moderate intensity, (some weak carbonyl 
stretching bands are found in amides 30 c and in some 
steroids 63 ). The higher carboxylate stretching 
band in trichloroacetate 30 a and trifluoroacetate 28 
has been reported to be depolarised while the lower 
carboxylate stretching is polarised. These findings 
are in accordance with the valence bond theory 
structure (3) of the carboxylate grou p . 
Another approach to the problem of determination 
of the structure (of the carboxylate grou p) employing 
vibration spectroscopy is to study the effect of 
cations on the infra-red spectra of the solid salts 
of carboxylic acids. Some studies on t he effect of 
the metal ion on the two stretching fre quenci es of 
the carboxylate group have been re po rted earlier . 
Duval et a1 6 investigated some salts of monob asic and 
dibasic acids and found no linear relationship 
between the physical properties of the metal ion and 
the frequencies of the two stretching vibrations of 
the carboxylate group. Kagarise 54 reported that 
for monovalent and divalent metals there is a linear 
relationship between the electronegativity and the 
antisymmetric stretching frequency of the carboxylate 
group of eight phenyl stearates. Theimer and 
Theimer55 have concluded that there is a relationship 
between the ionic radius of the cation and the 
symmetric stretching frequency of five fatty acids. 
Pyszora and Ellis 56 reported that in metallic 
stearates, though the influence of the metal may not 
be simply related to any single factor, the mass of 
the metal dominates in affecting the antisymmetric 
stretching frequency of the carboxylate group. 
Metal formates have been studied by various 
workers 1- 19 ; fairly extensive results were obtained 
by Donaldson et al . 13 Their data shows (Table III) 
that the higher stretching frequency i s always higher 
in alkali metal formates than in the formates of 
alkaline earth metals of the same mass. By 
contrast, the lower carboxylate stretching frequency 
is always lo wer in alkali metal formates, than in 
13 
corresponding alkaline earth metal formates. 
(No such conclusion has been drawn by Donaldson 
et al 13 .) 
TABLE III 
HIGHER CARBOXYLATE STRETCHING AND LOWER STRETCHING 
FREQUENCIES FOR ALKALI METAL AND ALKALINE EARTH 
METAL FORMATES FROM REFERENCE 13 
Compound Higher st.fre. cm-1 Lower st.fre. cm-1 
(HCOO)Na 1592 1364 
(HCOO)K 1590 1350 
(HCOO)Rb 1592 1350 
(HCOO)Cs 159 5 1351 
(HC00) 2Ca 1581 1370 1351 
(HC00) 2Sr 1572 1374 1553 1364 
(HC00) 2Ba 1585 1362 1577 1357 
In view of this difference in the behaviour of 
14 
the two carboxylate stretching frequencies in formates, 
a systematic study has now been carried out of a whole 
range of salts of substituted acetate ions. The 
cations used were lithium, sodium, potassium, 
rubidium, caesium, calcium, strontium and barium. 
The metals used were restricted to alkali and 
alkaline earth metals, all of which form simple 
ionic salts. Except for magnesium acetate, the 
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magnesium salts could not be obtained in the anhydrous 
form, so their spectra have not been reported. 
Molecular vibrations are rarely localized wholly 
1n one grouping, and this study has therefore not 
been restricted to the examination of carboxylate 
stretching frequencies. Where appropriate, cation 
effects on other frequencies will also be discussed. 
CHAPTER B 
EXPERIMENTAL 
MATERIALS 
Most of the salts were prepared by the neutral-
isation of the pure acid with metal carbonates. 
Potassium acetate, sodium acetate and barium acetate 
(of A.R. quality) were recrystallized from water. 
In all cases the specimen, or the ground potassium 
bromide disc containing the specimen, was dried at 
an elevated temperature at 0.05 mm pressure. 
Nearly all the salts for infra-red investigation were 
anhydrous except the trimethylacetates, and the 
lithium salts of trifluoro, trichloro, tribromo and 
monobromo acetic acid, which did not lose water of 
crystallization even at 110°/0.05 mm. Most of the 
magnesium salts also did not lose water at 110°/0.05 
mm, and their spectra will not be reported. 
Hygroscopic salts were handled ,n a dry box. The 
following salts could not be obtained: Rubidium 
tribromoacetate, Caesium monochloroacetate, Caesium 
monobromoacetate and Caesium monoiodoacetate. 
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SPECTRA 
The infra-red spectra of solid salts, dispersed in 
potassium bromide discs, were determined with a Perkin-
Elmer Model 21 sodium chloride prism instrument. The 
wave number calibration error for this instrument was 
checked often with water vapour and carbon dioxide; 
-1 the wave numbers reported should be correct to ±2 cm . 
A Perkin-Elmer Model 621 dual grating infra-red 
spectrophotometer was used to determine the infra-red 
spectra of freshly prepared crystals of lithium acetate 
dihydrate, both in fluorolube mull, and in dispersion 
1n a potassium bromide disc; of all potassium salts, 
both in dispersion in potassium bromide and in solution 
in water and in heavy water; and of all metal salts of 
unsubstituted acetic acid here examined in the solid 
state. The frequencies given in this thesis for the 
sodium salts have been taken from reference 29. 
In addition, the Raman spectrum of sodium 
difluoroacetate in concentrated aqueous solution was 
obtained, with a Hilger E612 Raman spectrophotometer 
with photoelectric recording, at a nominal slit width 
of 6 cm- 1 , and mercury light at ~~58 A0 was used for 
excitation. The vibrational spectrum of the 
difluoroacetate ion has not been reported previously. 
CHAPTER C 
RESULTS AND DISCUSSION 
1. THE CARBOXYLATE STRETCHING FREQUENCIES 
a. Effect of changing the mass of the counter-cations 
(while keeping the charge constant) 
i. Effect on the higher ( 11 antisymmetric 11 ) carboxy late 
stretching frequency 
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The replacement of a light alkali metal cation by 
a heavier one does not produce any regular chan ge in 
the antisymmetric stretching fre quency (Table IV). 
Some random changes are found. Lithium salts usually 
have a higher frequency than those of alkali metals. 
In the case of alkaline earth metal acetates, too, 
there is no regular increase or decrease in the higher 
carboxylate stretching frequency when a light cation 
is r epl aced by a heavier one (Table IV). 
ii. Effect on the lower ( 11 symmetric 11 ) carboxyl ate 
stretching frequency 
The replacement of a light metal cation by a 
heavier one tends to decrease the lower carboxyla te 
stretching frequency, the trend is commo n to both 
the salts of alkali and those of alkaline earth me tals . 
The decrease is quite large wh en lithium is re pl aced 
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TA BL E IV 
THE HIGHER ("ANTISYMMETRIC") STRETCHING VIBRATIO N FRE QUEN CY ( i n cm-l) OF CARBOXYLATE GROUP 
IN VARIOUS ALKALI METAL AND ALKALINE EARTH METAL a SALTS OF SUBSTITUTED AC ETIC ACIDS 
Anion Cation Li+ Na+ K+ Rb+ Cs+ Ca++ Sr++ Ba++ 
CH 3COO 1580 1583 15 72 15 77 ~ ':; ~ $" 1570 1564 1563 
(CH 3 )3C.COO - 1557 1551 1554 1547 1553 1544 1544 1544 
CF 3COO 1684 1689 1676 1677 1675 1676 16 79 1668 
CC1 3COO 16 79 16 77 1661 1666 1667 1650 1648 1649 
CBr3COO 1657 1664 1648 b 1651 1644 1654 1643 
CHF 2COO 1660 164 7 164 7 164 9 164 8 1650 164 7 164 7 
CHC1 2COO 1630 al644 1628 1630 1628 1614 1605 al6ll 131631 1627 131619 
CHBr 2COO 1620 1616 1621 'l 621 1629 al614 1605 1619 131595 
CH 3CH 2COO 1570 1564 1571 1571 1566 1560 1556 1555 
CH 2CNCOO 1632 1619 1621 1615 1612 1611 1598 1619 1602 1546 
CH 2FCOO 1626 1632 1632 1635 1635 cd598 al5 76 16 01 81618 816 12 
CH 2C1COO 1611 1603 1609 1608 b 1595 15 93 1598 
CH 2BrCOO 1605 1596 1592 1601 b 1582 1582 1575 
CH 2ICOO 1583 1583 159 8 1600 b 1575 1526 156 1 
a For (CH 3C00) 2Mg, the frequency is 1598 -1 cm . 
b Salt could not be obtained. a and e refer to two crystal modificat i ons. 
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TABLE V 
THE LOWER ("SYMMETRIC") STRETCHING VIBRATION FREQUENCY {in cm-l) OF CARBOXYLATE GRO UP IN 
VARIOUS ALKALI METAL AND ALKALINE EARTH SALTSa OF SUBSTITUTED ACETIC ACIDS 
Anion Cation Li+ Na+ K+ Rb+ Cs+ Ca++ Sr++ Ba++ 
CH 3COO 14 39 14 21 1413 1412 l4CS 1440 144 0 1426 
(CH 3 )3C.COO - 14 28 1413 1411 1414 1414 14 24 14 2 2 1417 
C~ 3coo 1465 144 6 1431 14 28 1427 1462 1461 14 5 7 
CC1 3COO 1363 1353 1353 1350 134 5 1393 1365 13 54 
CBr3COO 1350 1346 1336 b 1326 1363 13 51 1361 
CHF 2COO 14 70 144 8 144 7 144 9 144 8 14 66 1460 14 61 
CHC1 2COO- 1405 a1399 1375 1375 1376 a1423 al423 Ctl401 131376 1396 1395 . 136 7 
S 14 03 81415 131396 
CHBr 2COO 1405 13 7 8 13 55 1355 1362 al401 1396 al3 88 131378 131399 
CH 3CH 2COO 1443 14 29 1420 1415 1414 14 2 7 14 31 1423 
CH 2CNCOO 1399 1384 1366 1369 1368 1383 13 77 1395 1364 13-71 
CH 2FCOO 1462 1448 1436 1431 143 5 a1482 146 7 1455 14 68 
131468 
14 6 2 
CH 2C1COO- 1435 14 18 14 2 5 14 23 b 14 24 1434 14 26 
CH 2BrCOO- 14 19 1408 14 0 7 1403 b 1414 1417 1410 
CH 2ICOO 13 81 1387 1380 1378 b 1390 13 73 1,382 
a For (CH 3C00) 2Mg, the frequency is 1436 cm- 1. 
b Salt could not be obtained~ a and 13 refer to two crystal modifications. 
. -.) 
by sodium cation, but the frequency differences 
become smaller as the mass of alkali metal 
increases (Table V). 
b. Effect of changing the charge on the cation 
(while keeping the mass almost constant) 
, . Effect on the higher ("antisymmetric") 
carboxylate stretching frequency 
In almost all the cases where the charge is 
increased, the higher stretching frequency decreases, 
e.g. from 1661 in potassium trichloroacetate to 
1650 cm-l in calcium trichloroacetate. The 
trifluoroacetates and the difluoroacetates are the 
only exceptions (Table IV). 
11. Effect on the lower ("symmetric") 
carboxylate stretching frequency 
The lower stretching frequency always increases 
usually appreciably, when the charge on the cation 
is increased and the mass of cation is kept constant. 
For example, the frequency is 1353 cm-l in potassium 
trichloroacetate and 1393 cm-l in calcium 
trichloroacetate. 
iii. Effect of change of cations on C-C stretching 
and CO 2 bending vibrations 
Some mixing is expected in acetate ions between 
C-C stretching vibration (~900 cm- 1) and 
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(a) the lower carboxylate stretching (~1400 cm - 1) 
and, (b) CO 2 scissoring ( ~650 cm-
1). There 
could be some Fermi resona nce between the CO 2 
scissoring vibration (2 x 65 0 cm- 1) and the lower 
carboxylate stretching vibratio n (1421 cm - 1). 
The behaviour shown by the symmetric carboxy late 
stretching vibration frequency namely, appreciable 
lowering when a light metal cation is replaced by 
a heavier one and appreciable raising when a 
singly charged cation is replaced by a doubl y 
charged one having nearl y the same mass, is shown 
by C-C stretching (Table VII), and CO 2 scissorin g 
(Table VII); the three modes are all totall y 
symmetric in both Cs and c2v symmetry point grou ps . 
But CO 2 in-plane-bending vibratio ns (rep orted onl y 
for unsubstituted acetate ion) show likeness in 
behaviour to that of CO 2 antis ym metric stre tc hing 
vibration fre quency . 
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c. DISCUSSION 
The frequency changes that occur when a lighter 
cation is replaced by a heavier one in the same 
group could be due to the following factors, listed 
i n 1 , . . 1 1 • 
i. The change 1n ratio of charge to ionic radius 
of the cation 
If the charge is kept constant, the greater the 
ionic radius, the weaker will be the electrostatic 
forces acting between the cation and oxygen atoms 
in the anion. This is likely to lower the CO 
stretching frequencies (see discussion below). 
ii. The change in the mass of the cation 
If the cation remains completely stationary 
during a carboxylate stretching vibration its mass 
will have no influence on the carboxylate stretching 
frequency. Normal situations app roach this state 
of affairs but do not ordinarily reach it. 
In the crystal the cation will move relative to 
the anion 1n what are called lattice vibrations. 
Depending on the symmetry of the system one or both 
in-plane lattice vibration will interact wi th each 
carboxylate stretching vibration, thou gh the degree 
of interaction may be different in each case. 
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Lattice vibration frequencies being much lower than 
intramolecular vibration frequencies, there is not 
a great deal of vibrational interaction, but 
electrostatic force between the charged atoms in 
ionic crystals do increase the interaction. 
Such interaction will raise both carboxy late 
stretching frequencies. The re placement of a 
lighter ion by a heavier ion will (a) reduce the 
lattice vibration frequencies ; (b) the heavy ,on 
also having a bigger radius, the electrostatic forces 
will be reduced (unless the crystal packing, 
unexpectedly, is closer in the salt of the heavier 
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metal). Both these effects will result in a lowering 
of the carboxylate stretching fre quencies; effect (a) 
1s analogous to an ordinary indirect mass effect. 
iii. The change in the charge of the cation 
When a singly charged cation is re placed by a 
doubly charged one of almost identical mass, the 
electrostatic forces are greatly increased. As 
there are now two anions associated wi th each cation, 
anion-anion interactions also are a pt to be more 
important. In such cases it is normally ade quate, for 
the purpose of comparison, to use the mean frequency 
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(c.f. the discussion of the s pectra of calcium, 
strontium and barium formate by Harvey, Morrow 
and Shurvell (ref.11)). 
In order to ex plain the effect of doublin g the 
charge of the cation on the carboxy late stretching 
frequencies, it is necessary to consider the effect 
of change in the force of constant of CO bond in CO 2 
group and also the effect of CO/CO interaction constant. 
1 v . CO 2- G r o u p o f C 2 v Sy mm e try 
The carboxylate ion of c2v symmetry, equivalent 
CO bonds will be discussed first. 
( 10) 
1:-0 2 
( 11) 
1:-0 2 
The simple situation depicted in (10) and (11), 
in which both carboxy late oxyg ens occu py crys tallo -
graphically equivalent positions, occurs onl y in a 
few cases (e.g. sodium formate); in other cases the 
oxygen atoms have similar but not identical 
environments. 
A doubling of the cation char ge may cause the 
0 atom to be held more firml y in its equilibrium 
position thereby raising the CO stretching force 
constant; alternatively it may lengthen the CO bond 
and thereby reduce K1 . One cannot say~ priori 
which effect will be greater, but any such effect 
will raise or lower the two CO force constants. 
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The obs rvation, that a doubling of the cationic 
charge lowers the antisymmetric frequency, on average 
slightly, but raises the symmetric one (usually 
appreciably) are unexpected in terms of a simple 
relationship between force constants and frequencies. 
Possible explanations will therefore be considered. 
In terms of the general valence force field 
92c equation for XY 2 system, the frequencies 
( vas, vs and vbe) are given by 
2Mv 
+2(1+-L 
MX 
2 \) = be 
K 
a 
M.i 1 2 
y 
( 12) 
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K 
a 
~ ( 13) 
( 14) . 
Where K1 is the force constant for pure XY 
stretching motions in an XY 2 system (in this case 
K 1 = K 2 ) , K 1 2 i s th e i n t e r a c t i o n f o r c e c o n s t a n t , Ka 
is the force constant stabilizing the Y-X-Y angle, 
l is the equilibrium X-Y distance, Mx and My are the 
atomic masses of X and Y respectively, 2a is the 
YXY bond angle and vas' vs and vbe are the antisymmetric, 
symmetric and stretching and symmetric bending 
frequencies respectively. It should be noted that 
Ka/l2 has the dimension of a force constant, dynes 
p e r c en t i me t e r a s h as K 1 an d u s u a l 1 y K 1 2 a n d K.a / 1 2 
are very small compared to K1 . 
If we assume that when a monovalent counter 
cation is replaced by a divalent cation the bond 
t<J f 1 
angle 2a decreases slightly, and Kr .and K12 remain 
unchanged, it will satisfy the observation for the 
antisymmetric carboxylate stretching fre quency which 
decreases slightly with the increase 1n the charge 
of the cation (See= n -14). The requisite data 
for substituted acetate ions are lacking; however, 
in the formates of calcium 40 , strontium41 and 
barium42 the OCO bond angle is, if anythin g, 
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slightly greater than in sodium formate (See Table II ) 
and the infra-red spectral behaviour of the formates 13 
(Table III) in this regard is the same as that of the 
substituted acetates (Tables IV and V). Moreover, 
vs and vbe both increase as the charge of the counter 
cation is in c eased. Therefore the right hand side 
of equation 12 should have some term containing Casa 
2 2 
to justify the increase in the product of vs vbe . 
Alternatively, the observations could be explained 
if the replacement of a singly charged cation by a 
doubly charged one of almost the same mass were to 
raise K1 slightly and at the same time reduc e the 
interaction constant K12 by a greater amount (CIN\)~ Psi. CVV\J K'« f tz. \5. H\l\ vf'\v1'\.J C' CK~ val 
(i.e. tK 12 > tK 1) However such a situation is 
hard to conceive since K1 is much larger than K12 
and changes in K1 are expected to be larger than 
cha nges in K12 . 
In any system Y-X-Y or X-Y-Z K12 has a positive 
value if it 1s easier to stretch one bond while the 
other is being compressed than it is when both bonds 
are stretched simultaneously. Normally these 
interaction constants have small positive values. 2
9 
Relatively large interaction constants have been 
found for molecules typified by carbon dioxide 
(K 12 is 1.3 mdyne/A
0
, as compared with 15.5 mdyne/A 0 
for K1 there). Thompson and Linnett
58 
attributed 
this to the fact that stretching of one bond 
accompanied by compression of the other gives rise 
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to a reasonable valency structure for carbon dioxide, 
+ O=C-0-; the simultaneous stretching is not 
facilitated in any similar manner. 
Spinner pointed out 29 that the Thompson-Linnett 
mechanism 58 would be operative 1n a resonant carboxylate 
ion grouping and would account for a K12 of the order 
of 1.6 mdyne/A 0 • In order to decide whether the 
required decrease in K12 , accompanied by an increase 
1n K1 such that -6K 12 > 6K 1 , is physically feasible, 
we must consider the various canonical forms t hat 
contribute to the overall structure, (16), (17) and 
(18); form (16) 1s the hybrid of the strL ctures (1) 
and (2) on page 3. The approximate val ue of K1 for 
each pure form is shown beneath each structure. 
Interaction by the Thornpson-Linnett mechanism
58 
occurs in both (16) and (18), and relatively high 
values of K12 (1.5 - 2.0 mdyne/A
0 ) are expected 
for both. The Thompson-Linnett mechanism 58 cannot 
operate in form (17) and a low value for K12 
(0.5 mdyne/A 0 or less) is likely. 
o\-
/ 
'/ 
R-C 
K ~ 10 1 
( 16) 
1 0 72-
/ 0 
R-+C 
0 
K ,.., 6 1 -
( 17) 
R 
( 18) 
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The replacement of a single positive charge by a 
double positive charge in the same position (cf. (12) 
and (13)) will increase the electron density at the 
oxygen atoms; any contribution from form (18) should 
be reduced and that from form (17) raised. This 
replacement may therefore reduce the (resultant) value 
of K12 , but K1 would be reduced to a muc h grea t er e
xtent. 
Therefore the explanation that re quires K1 to increase 
while K12 decreases when t he positive charge near the 
carboxylate grou p is raised, is not phy sicall y feasi bl e. 
The third possibility which is demonstrated very 
clearly by a study of= ns (12), (13) and (14) is 
that when a monovalent counter cation is re placed by 
a corresponding divalent cation, Ka/ 12 increases. 
There is a possibility that either force constant 
K1 decreases slightly or K12 increases slightly 
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during the process, to account for the small decrease 
in the antisymmetric stretching frequency (Table IV ) . 
The increase in the value of Ka/ 12 could be large 
enough to offset the effects of decrease in K1 and 
increase in K12 in equations (12) and (13). 
The difference in the behaviour of the effect of 
the cations on the different vibrations of C-C0 2 group 
is quite similar to the effect of the different solvents 
on the frequencies of a group 60 /"y 
A-X 
y 
y 
According to Bernstein 60 , in a A~-X~ 
'" 
y 
system of c2v 
symmetry the symmetric vibrational frequencies belonging 
to the same symmetry species will be affected in the 
same manner. If, in the acetate ion ~ O 
c~-c~ is 
~ o 
taken as one sy stem of c2v symmetry, the CO 2 symmetric 
stretching co 2 symmetric bending and C-C stretching 
(all species A1) should either increase or decrease 
simultaneously as was observed during this work 
(Tables V, VII and VIII). 
v. CO 2 Group of Cs Symmetry 
The carboxylate group of Cs symmetry has the 
structure C=0.0-; the two CO bond lengths being 
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inequivalent. In this structure the two carboxylate 
stretching frequencies are determined by two different 
force constants (for the C=O and C-0- bonds 
respectively). It may be pointed out that if the 
carboxylate group is of Cs symmetry (C=0.0-) and has 
pure single and double bonds as in the corresponding 
acids, the higher carboxylate stretching frequency 
is expected to be higher than what it is in the 
acetates and the formates (C=O stretching vibration 
-1 . -1 1s at about ~1710 cm 1n acids and at about 1720 cm 
,n esters). One would also expect the lower 
carboxylate stretching frequency due to C-0 to be 
lower than what it is; though it could be raised due 
to mixing with the C-C stretching frequency. 
( - 1 ) C-0 stretching mode in esters is at ~1200 cm . 
In the structure C-0.0-, the O atom carries an 
integral negative charge and the =O atom only partial 
one. When a monovalent cation is replaced by a 
divalent cation both the force constants are expected 
to change although not necessarily by the same 
magnitude. 
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2. EFFECT OF THE CATI.ON ON THE OTHER VIBRATION 
FREQUENCIES 
Irrespective of the structure of the carboxylate 
group, appreciable mixing is expected 1n acetate ions 
between C-C stretching and (a) the lower carboxylate 
stretching and (b) CO 2 scissoring. The C-C 
stretching vibration in turn will interact with 
various vibrations within the substituent. 
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The behaviour shown by the lower carboxylate 
stretching frequency namely, appreciable lowering 
when a light metal ion is replaced by a heavier one 
and appreciable raising when a singly charged cation 
is replaced by a doubly charged one having nearly the 
same mass, is shown by the frequencies of the 
following vibrations: 
1. 11 C-C stretching" (see Table VIII) 
2. CO 2 scissoring (see Table VII and Table VI) 
3. 11 C-F 11 stretching in CH 2FCOO and CF 2 
antisymmetric and s ymmetric stretching 1n 
CHF 2COO- (see Table IX) 
4. CCl stretching in CH 2ClCOO and CC1 2 
antisymmetric stretching in CHC1 2COO 
(see Table X) 
5. CBr 3 antisymmetric stretching 1n CBr 3coo 
(see Table XI) 
A different behaviour is shown by the vibrations 
listed below. Their frequencies are almost 
independent of the change in mass of the cation 
and the change in the charge of the cation. 
1. CF 3 antisymmetric stretching in CF 3coo 
(see Table IX) 
2. CC1 3 antisymmetric stretching and symmetric 
stretching in cc1 3coo- (see Table X) 
The CBr stretching frequency in CH 2BrCOO 
shows irregular changes when the mass of the 
cation, or the charge on it, are changed. 
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TABLE VI 
( -1) C-C0 2 BENDING VIBRATION FREQUENCIES in cm 
IN UNSUBSTITUTED ACETATE ION 
Cation Li+ Na+ K+ Rb+ Cs+ Ca++ Sr++ Ba++ 
Vibration 
CO 2 scissoring 667 650 643 643 643 
664 
C-C0 2 o.p.be 620 * 618 619 621 6
15 
C-C0 2 i.p.be a * 468 458 488 469 
For abbreviations used, see pagevii 
a The frequency could not be observed as it 
is covered by a lattice vibration. 
* Values of frequencies of sodium acetate are 
taken from reference 29. The s pectrum was 
recorded onl y in the region 650-4000 cm- 1 . 
659 6 52 
616 618 
468 464 
37 
TABLE VII 
CO 2 SCISSORING VIBRATION FREQUENCIES (in cm-
1) 
IN SUBSTITUTED ACETATE IONS 
Cation 
Anion 
CF 3COO 
CHF 2COO 
CH 2FCOO 
CH 2ClCOO 
CH 2BrCOO 
CH 2 ICOO 
72 7 
823 
704 
683 
6 82 
674 
726 723 
812 813 
700 686 
682 669 
669 667 
671 662 
722 720 723 726 
812 812 817 815 
680 686 701 69 7 
669 a 672 682 
668 
666 a 682 6 79 
659 a 672 676 
a Denotes that the salt could not be obta in ed. 
724 
818 
698 
682 
687 
655 
A . Cation n, on 
CH 3 COO 
C 
(CH 3 ) 3f 00-
CC1 3 COO 
CHC1 2COO 
TABLE VIII 
FREQUENCIES OF "C-C STRETCHING"a VIBRATION (in cm-l) IN 
VARIOUS METAL SALTS OF SUBSTITUTED ACETIC ACIDS 
94 2 
807 
853 
804 
b 
917 
952 
b 
b 
884 
922 
936 
935 
932 
936 
924 
800 
850 
94 0 
914 
948 
934 
922 
931 
880 
905 
923 
932 
927 
923 
914 
800 
83 7 
804 
929 
900 
939 
920 
910 
872 
895 
921 
932 
922 
912 
915 9f 3 
799 79 7 
83 5 83 5 
923 924 
C 890 
943 949 
916 916 
908 903 
873 872 
896 896 
916 919 
933 C 
912 C 
910 C 
946 
806 
852 
b 
919 
953 
b 
943 
934 
89 3 
909 
93 7 
938 
934 
948 
938 
804 
853 
b 
904 
949 
b 
935 
887 
919 
933 
94 8 
935 
943 
38 
930 
802 
79 5 
851 
b 
914 
94 7 
b 
931 
938 
880 
928 
931 
944 
938 
926 
represents symmetrical stretching of all four C-C and C-F, and C-C respectively. 
In CH 2 XCOO (X = CH 3 , F, CN) this is pseudo symmetrical stretching of C-C-C or 
C-C-F system. b Band could not be observed. c Salt could not be obtained. 
TABLE IX 
FREQUENCIES OF C-F STRETCHING VIBRATIONS (in cm- 1) 
IN VARIOUS METAL SALTS OF FLUOROACETIC ACIDS 
Anion 
Cation 
Li+ 
Na+ 
K+ 
Rb+ 
Cs+ 
Ca++ 
Sr++ 
Ba++ 
CCF p.a 1027 
CCF p.a 1011 
CCF p.a 1018 
CCF p.a 1014 
CCF p.a 1015 
CCF p.a 1028 
CCF p.a 10 28 
CCF p.a 1030 
CF 2 
CF 2 
CF 2 
CF 2 
CF 2 
CF 2 
CF2 
CF 2 
CF 2 
CF 2 
CF 2 
CF 2 
CF 2 
CF 2 
CF 2 
CF 2 
a.s 1112 
s . s 1027 
a. s 1119 
s . s 1074 
a. s 1087 
s . s 10 5 2 
a. s 1084 
s . s 1050 
a. s 1083 
s . s 1049 
a. s 1114 
s . s 10 51 
a. s 1118 
s . s 10 58 
a. s 1108 
s . s 1065 
For abbreviations used, see page vii 
CF 3*a.s 1214, 
CF 3 a.s 1213, 
CF 3 a. s 1218, 
1128 
CF 3 a. s 1215, 
1128 
CF 3 a . s 1208, 
CF 3 a. s 1209, 
CF 3 a. s 1210, 
CF 3 a.s 1210, 
* The pseudo symmetric stretching frequency for this 
group is given as 11 C-C 11 stretch frequency in Table 
1150 
1140 
1187 
1187 
1127 
1148 
1143 
1150 
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TABLE X 
FREQUENCIES OF C-Cl STRETCHING VIBRATIONS (in cm- 1) 
IN VARIOUS METAL SALTS OF CHLOROACETIC ACIDS 
Anion Cation CH2ClCOO CHC1 2COO CC1 3COO 
Li+ CC l st 788 CC1 2 a . s 792 CC1 3 a.s 839, 736 
CC1 2 s . s 824 CC1 3 s . s 681 
Na+ cc l st 769 CC1 2 a.s 818, CC1 3 a. s 849, 807 746 
CC1 2 s . s b CC1 3 s . s 685 
CC1 2 a. s 821, 800 
CC1 2 s . s 777 
K+ CCl st 766 CC1 2 a . s 806 CC1 3 a.s 846, 746 
CC1 2 s . s b CC1 3 s . s 682 
Rb+ CC l st 764 CC1 2 a.s 833, CC 13 a. s 825, 804 734 
CC1 2 s . s b CC1 3 s . s 674 
Cs+ C Cl st a CC1 2 a. s 806 CC1 3 a. s 841, 747 
CC1 2 s . s b CC1 3 s . s 6 76 
Ca++ CC l st 790 CC1 2 a. s 827 CC1 3 a. s 839, 
C Cl 2 s . s 787 CC1 3 s . s 682 
Sr++ CC l st 786, CC1 2 a. s 824 CC1 3 a . s 842, 765 
CC1 2 s . s 787 CC1 3 s . s 684 
40 
746 
833 
827, 
742 
828, 
766 
756 
Ba++ cc 1 st 
TABLE X 
( page 2) 
778, CC1 2 a.s 760 
CC1 2 s.s 
CC1 2 a. s 
CC1 2 s.s 
822 
b 
822 
811, 
801 
For abbreviations used see page vi i 
CC1 3 a . s 
CC1 3 s . s 
a For the com pound that could not be obtained 
b For the rand that could not be observed. 
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842, 749 
682 
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TABLE XI 
FREQUENCIES OF C-Br STRETCHING VIBRATIONS (in cm- 1) 
IN VARIOUS METAL SALTS OF BROMOACETIC ACIDS 
Cat1·onAnion CH B COO 2 r 
Li+ CBr st 6 82, 
719 
Na++ CBr st 698 
K+ CB r st 694, 
66 7 
Rb+ CBr st 690, 
666 
Cs+ a 
Ca++ CBr st 682 
Sr++ CBr st 679 
Ba++ CB r st 695, 
673 
CBr 2 a. s 
CBr 2 s . s 
CBr 2 a. s 
CBr 2 s . s 
CBr 2 a.s 
CB r 2 s . s 
CBr 2 a.s 
CBr 2 s . s 
CBr 2 a.s 
CB r 2 s.s 
CBr 2 a. s 
CBr 2 s . s 
CBr 2 a.s 
CBr 2 s . s 
CBr 2 a. s 
CBr 2 s.s 
For abbreviations used see page 
b 
708 
698 
740 
691 
735 
6 88 
721 
667 
b 
695 
b 
700 
b 
704, 
693 
Vi i 
a For the compound that could not be 
CBr 3 a. s 
CBr 3 s . s 
CBr 3 a. s 
CBr 3 s . s 
CBr 3 a.s 
CBr 3 s . s 
CBr 3 a. s 
CBr 3 s . s 
CBr 3 a. s 
CBr 3 s . s 
CBr 3 a. s 
CBr 3 s . s 
CBr 3 a. s 
CBr 3 s . s 
obtained 
b For the band that could not be observed. 
7 70, 718 
b 
756, 7 20, 
718 
b 
754, 715 
b 
a 
7 50, 711 
b 
767, 727, 
713 
b 
756, 709 
b 
763, 727 
b 
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THE INFRA-RED SPECTRA OF POTASSIUM SALTS OF SUBSTITUTE D 
ACETATES in H20 and D20 (TABLE XII) 
When compared with the carboxy late stretching 
frequencies of the solid potassium salts, the 
frequencies found for the potassium salts 1n aque ous 
solution do not show shifts in any regular manner. 
For example the higher carboxylate stretching 
frequency of all monosubstituted acetate ions, and of 
~~ 
trimethylacetate ion is always Ri~h9r in the solution 
than in the solid salt, whereas the opp osite is found 
for the disubstituted acetates. The solvent isotope 
effect on the two frequencies, likewise is irregular. 
ASSIGNMENTS FOR THE DIFLUOROACETATE ANION 
Infra-red and Ra man spectra, and band assignments , 
have previously appeared for all the anions examined 1n 
this work with the exception of difluoroacetate ion. 
To make a complete vibrational assignment po ssible the 
Raman as well as the infra-red s pectrum of sodium 
difluoroacetate has been determin e d; t he assignments 
are given in Table XIII. 
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TABLE XII 
FREQUENCIES OF CARBOXYLATE STRETCHING VIBRATIONS (in cm - 1 ) OF POTASSIUM SALTS OF SUBSTITUTED 
ACETIC ACIDS IN WATER, HEAVY WATER AND IN THE SOLID STATE 
HIGHER FREQUENCY LOWER FREQUENCY 
Anion i n H20 in D20 i n sol i d i n H20 in D20 ; n sol id 
CH 3COO 1560 1565 1572 1412 1411 14 13 
(CH 3 )3CCOO 
- 1536 1539 1554 1412 14 12 141 1 
CF 3COO 1682 1678 1676 14 3 2 1432 1431 
CC1 3COO 16 7 3 1668 1661 134 8 1349 135 3 
CBr 3COO 1650 1651 164 8 1329 1331 1336 
CHF 2COO 1650 164 4 164 7 144 2 144 5 144 7 
CHC1 2COO 1639 164 0 1628 1375 13 76 13 7 5 
CHB r 2COO 1631 1626 1621 1361 1363 1355 
CH 3CH 2COO 1553 1555 1568 14 11 1413 14 20 
CH 2CN.COO 1616 1616 1621 1364 1370 1366 
CH 2FCOO 1611 1608 1632 1434 1437 1436 
CH 2ClCOO 1600 1603 1609 1394 1400 14 2 5 
CH 2BrCOO 1591 159 7 1592 1385 13 89 1407 
CH 2 ICOO 1582 1588 1598 1374 13 77 13 80 
TABLE XI I I 
- + BAND MAXIMA IN THE VIBRATION SPECTRA OF CHF 2COO Na 
Assignment Infra-red 
CH st 29 20 ( 0 . 1) 
CO 2 st I 1649 ( 1 . 6) 
CO 2 st I I 1448 (0.28) 
CH be 1348 ( 0 . 4) 
CH be 1319 (0.08) 
CF 2 a . st. 10 81 (0.27) 
C-CF 2 s. st or 
C-C st sym. st 1051 (0.38) 
C-C st. (or CCF 2 
p . s . st. ) 948 (0.01) 
CO 2 sciss. 812 (0.34) 
C-CO 2 o.p.be. 600 (0.06) 
C-CO 2 i.p.rock. 519 (0.04) 
CF 2 sciss. 358 (0.04) 
Other Bands in I.R. Spectrum 
Frequency 
1618 
Assignment 
2x812 = 1624 
Raman 
16 4 7 ( 0 . 2) 
1450 (23.0) 
1351 ( 4 . 2 ) 
1325 (12.0) 
1108 ( 2 . 0) 
1057 ( 2.5) 
9 50 (11.5) 
816 ( 2 . 2) 
584 ( 3.0) 
510 ( 2 . 0) 
For abbreviations used, see page vii 
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PART I I 
INFRA-RED AND RAMAN SPECTRA OF 
NITROMETHANE AND SOME OF ITS 
DERIVATIVES 
46 
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SUMMARY OF PART II 
The infra-red spectra of nitromethane and the 
following substituted nitromethanes have been determined: 
CD 3No 2 , CH 2ClN0 2 , CH 2BrN0 2 , CHBr 2No 2 , CHC1 2No 2 , 
CNCH 2No 2 , CD 2ClN0 2 , and CD 2BrN0 2 . 
The higher stretching frequency of the nitro 
group, near 1580 cm- 1 , which is normally attributed 
to the antisymmetric ONO stretching vibration, is 
sensitive to polar effects; it is raised as the 
electron-withdrawing of the substituent increases. 
-1 The lower stretching frequency near 1380 cm , which 
1s attributed to ONO symmetric stretching, is lowered 
by the introduction of substituents. Contrary to 
Lunn'sL~ claim, no correlation between the shifts of 
the two stretching frequencies of the nitro group 
was found. These results have been ex plained in 
terms of c2v symmetry and Cs symmetry of the N0 2 group. 
Infra-red vapour spectra were obtained for 
CD 2BrN0 2 , and the band contours have been determined. 
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For CH 3No 2 , the band contours for C-N stretching 
and N0 2 scissoring vibrations are of A-type. But 
the N0 2 symmetrical stretching vibration at 1378 cm-l 
gives a distorted A-type band (the approximately 
distorted contour may arise from the severe 
overlapping with the CH 3 asymmetric bending vibration 
in that region). For CD 3No 2 the band contours of 
the fundamental vibrations of C-N stretching, N0 2 
symmetric stretching and N0 2 scissoring are A-type. 
These band contours support the c2v structure of 
the heavy atom skeleton CN0 2 . 
Vibrational band assignments have been made on 
the basis of (a) comparisons among the compounds 
(b) comparisons of protio with deutero-compounds 
(c) vapour phase band contours (d) Raman spectra, 
which have been measured where practicable, i .e.for 
CH 3No 2 , CD 3No 2 , CH 2ClN0 2 , and CH 2BrN0 2 ; for the two 
first-named compounds depolarisation ratios have 
been obtained. These depolarisation ratios and 
the intensity of the higher N0 2 group stretching 
vibrations favour c2v symmetry of the N0 2 group, 
that is equivalent NO bonds. 
CHAPTER D 
INTRODUCTION 
The nitro group is generally considered to have 
the symmetrical structure (2 0 ) and in terms of the 
valence bond approach, this structure is the hybrid 
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of a number of canonical forms, of which (18 ) and ( 19 ) 
are by far the most important ones. The relativel 
high chemical stability of nitro-compounds (they are, 
for instance, far more inert than nitroso compounds) 
1s normally considered to be due to the delocalisation 
of electrons within the N0 2 group. 
The substituent effect on the N0 2 stretching 
frequencies expected for nitromethane with a symmetrical 
N0 2 group can be predicted in a qualitative sense. 
In compounds RS0 2R', both OSO stretching frequencies 
are sensitive to the polar effects 37 of the substituents 
in a and a' positions; the relative effect on the 
symmetric stretching frequency is only about 0.8 times 
that of on the antisymmetric one. 
The effect of the substituents on the NH 2 
stretching vibrations has also been re ported. 36 , 53 , 64 
From their studies, Mason et al . 64 concluded that in 
polycyclic amines, the HNH bond angle increases as the 
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n-electron charge density qr at the exocyclic position 
of the carbanion corresponding to the amine falls, two 
relations being observed, one for the unhindered and 
the other for the peri-amines. Also the intensity of 
the symmetric stretching vibration band increases as 
the qr falls in the series of unhindered amines, but 
not 1n the peri- series. 
Hambly and O'Grady, 53 and Bellamy and Williams 38 
reported that in compounds ArNH 2 , both HNH stretching 
frequencies are raised when the electron-withdrawing 
character of the substituent(s) is increased; the 
shift of the symmetric stretching frequency is about 
0.7 times that of the antisymmetric one. In compounds 
4-X-C 6H4-NHD the NH stretching frequency is raised as 
X becomes increasingly electron-withdrawing. 65 , 66 
It has been reported 37 that in nitroso compounds 
CXYZ.NO (X, Y and Z being a substituent group or atom), 
the NO stretching frequency increases with the increase 
of the electron-withdrawing effects of X, Y and Z. 
A similar dependence on the electron-w i thdrawing 
effects of X, Y and Z may be expected for the 
antisymmetric and symmetric stretching frequencies of 
a symmetrical nitro group in CXYZ.N0 2 , as is seen when 
its different resonance structures are considered. 
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When the substituent 1s an electron-withdrawing group, 
the contribution due to structure (23) will increase, 
thus increasing the NO bond order. The increase in 
bond order will lead to an increase in the asymmetric 
and the symmetric stretching force constants. 
Similarly, an electron-donating substituent will 
reduce the contribution from form (23 ); furthermor e , 
it will increase the contribution of structure (21 ) , 
thus the NO bond order will be reduced. This wi l l 
result 1n a decrease of both stretching force constants 
of the N0 2 group. From an analogy with the behaviour 
of NH 2 stretching frequencies in amines, and so 2 
stretching frequencies in RS0 2 R' , one would expect 
the two stretching frequencies of the nitro group to 
shift in the same direction; though the magnitude of 
the shift may be different. 
y 
I 
x-c-z 
I / N+ 
0 0 
( 18) 
y 
I 
X-C-Z 
I 
_ /N. 
0 0 
( 19) 
y 
I 
X-C-Z 
I 
/
+;.N -
- !.::: '/ - !.::: 20 0 2 
( 2 0) 
Y+ y y 
I I 
X-C-Z + X-C -Z Y-C--Z 
11 
_ /+ / N, / + ';: \- er " o\-0 0 0 0 
( 21) (22) ( 2 3) 
The vibrational spectra of nitroalkanes and 
substituted nitroalkanes have been described in a 
number of publications 66 - 85 , 91 , 12 4, 93 - 95 but the 
effect of the substituents in general has been 
68 96 by Brown, , Lunn, and 
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studied only rarely,~-~· 
Mason and Dunderdale. 69 Brown 68 found no correlation 
between the asymmetric and symmetric stretching 
frequencies of the nitro group in nitroalkanes. He 
attributed this to the coupling between CN stretching 
and N0 2 symmetric stretching vibrations. Bellamy 
and Williams 37 consider that polar effects and the 
steric effects are a more likely cause. Contrary to 
Brown, 68 Lunn 96 postulated a correlation between the 
two nitro group stretching fre quencies according to 
which the asymmetric stretc hing fre quency increases , 
and the symmetric stretching fre quency decreases, as 
the electron-withdrawing effect of the substituent 
increases, the equation relating the t wo being 
v = 3262 - 1.213 vas sym 
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( 2~) 
A study by Spinner 29 on the effect of substitution in 
the acetate ion on the carboxylate stretching frequencies 
showed that the higher stretching frequency of the 
carboxylate grou p is sensitive to the polar effects of 
the substituents while the lower stretching fre quency of 
the carboxylate group is not affected by the polar effects 
but it decreases with the increase in the mass of the 
substituent. This lack of correlation between the two 
stretching frequencies was explained on the basis of the 
non-resonant classical structure of the carboxylate grou p 
C=0.0-. The nitro and carboxylate groups being 
isoelectronic, Spinner 29 suggested that the structural 
and vibrational possibilities are the same for substituted 
acetate ion and nitromethanes. To keep the complications 
to the . . m1n1mum, substituted nitromethanes, rather than 
higher alkanes, were selected in this study of the effect 
of substitution on the nitro stretching frequencies. 
Spectra and the band assignments for both CH 3No 2 and 
CD 3No 2 have previously appeared,?O,ll,
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~12 but for the 
most the resolution used in the previous infra-red vapour 
spectra was not as good as that used in this work. The 
vibration spectra of the substituted nitromethanes are new.* 
* The vibration spectra of monohalogenonitromethanes and 
their derivatives were re ported 97 since the com pletion 
of this work. 
CHAPTER E 
EXPERIMENTAL 
1. MATERIALS 
1. NITROMETHANE 
Nitromethane (L.R.) was distilled twice, the 
fraction boiling between 99-100°c was collected and 
further purified by fractional crystallisation. 
2. TRIOEUTERONITROMETHANE 
Nitromethane was converted to the trideutero-
nitromethane by a slight modification of Reitz's 
86 procedure. 
10 ml. of pure nitromethane was refluxed for 
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24 hours with 60 ml. of o2o, in the presence of 0.4 ml. 
of acetic acid and 0.1 mg. of fused sodium acetate. 
The exchanged nitromethane was extracted by shakin g 
it with dry ether and the ether was eva porated. This 
exchanged nitromethane was again refluxed for 24 hours 
with 30 ml. of o2o, 0.10 ml. of acetic acid and 
0.025 gm. of fused sodium acetate. The trideutero-
nitromethane was again separated by ether extract i on ; 
to the ethereal solution soli d sodium bicarbonate was 
added to neutralise any acetic acid. The solution 
was filtered, the ether was eva porated, and t he product 
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was dried over anhydrous magnesium sulphate. It was 
then purified by two distillations; b.p. 100°. 
3. CHLORONITROMETHANE 
It was prepared by the method of Tscherniak. 87 
An ethanolic solution of sodium ethoxide (from 
7 gm. sodium and 140 gm. of ethanol) at o0 was added 
dropwise to a solution of 20 gm. of nitromethane in 
100 gm. of ethanol also at o0 • The precipitate of 
sodium nitromethane was filtered off, washed with 
ether, dried, and pulverised, and added in small 
amounts, and with good stirring, to 3 litres of water 
saturated with chlorine at o0 c. The reaction mixture 
was distilled, nearly 600 ml. of distillate being 
collected. The oily layer of monochloronitromethane 
was separated from the distillate. The rest was 
distilled and again about one fifth of the distillate 
was collected and the oily layer separated. This 
procedure was repeated four times. The oily substance 
was collected together and dried over anhydrous 
magnesium sulphate. This was twice distilled very 
carefully at atmospheric pressure, b. p. 120°. 
Yield 13.7 gm. (~44%). 
4. BROMONITROMETHANE 
This was prepared by the method of Scholl . 88 
As in the preparation of chloronitromethane, 
10 gm. of nitromethane was converted into its sodium 
salt, which was added in small quantities to a 
solution of 22 gm. of bromine in 100 gm. of carbon 
disulphide with a good stirring. The un reacted 
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bromine was removed by passing with sulphur dioxide. 
The precipitated sodium bromide was removed by shaking 
the reaction mixture with water and removing the water 
layer. The carbon disulphide layer was dried over 
anhydrous magnesium sulphate, the carbon disulphide 
was evaporated. The residue was distilled and the 
fraction boiling at 144-146°C was collected. The 
product was then distilled at 70 - 72°/40-45 mm. 
However, it still contained some dibromonitromethane . 
It was finally purified by gas-liquid chromatogra phy. 
Yield (6.1 gm.) (~27%). 
5. DICHLORONITROMETHANE 
Dichloronitromethane could not be pre pared by 
the method of Steinkopf et al. 89 A new metho d was 
therefore devised. 
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20 gm. of dipotassium nitroacetate (prepared by 
the addition of nitromethane to 50% potassium hydroxide 
solution) were dissolved in 100 ml. of water. To this 
solution at o0 c were added first 112 ml. of lN hydro-
chloric acid, so as to convert the dipotassium nitro-
acetate into the monopotassium salt and then chlorine 
water in slight excess. This mixture was shaken with 
methylene chloride and the layer of methylene chloride 
was separated and dried with anhydrous magnesium 
sulphate. The methylene chloride was eva porated under 
reduced pressure. The residue was distilled at 107°. 
An infra-red spectrum of the distillate showed 
the presence of chloropicrin. Analytical gas-li quid 
chromatography showed that chloropicrin comprised 
about 10%, and two minor impurities were also present. 
The dichloronitromethane was finally purified by 
gas-liquid chromatography. Anal ysis for chlorine 
gave 53.9% (calculated 54.61%)(Yield 3 gm., ~20.3%). 
6. DIBROMONITROMETHANE 
This was also prepared by Scholl's method. 88 
20 gm. of bromonitromethane in 50 gm. of ethanol 
at o0 were added · to a solution of 1.6 gm. of sodium 
1n 32 gm. of ethanol also at o0 • The sodium 
bromonitromethane formed was fi1tered off, washed 
first with ether-ethanol mixture and then with 
ether and dried. 
The sodium bromonitromethane was added in small 
quantities and with rapid stirring to a solution of 
9.2 gm. of bromine in 50 gm. of carbon disulphide. 
The excess of bromine was removed by passing su1phur 
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dioxide. The precipitated sodium bromide was removed 
by filtration. The carbon disulphide was evaporated 
off and the residue was distilled and the dibromo-
nitromethane was col1ected at 75°/13 mm. This was 
further purified by careful distillation and 
collecting the distillate at 75°/13 mm. 
7. NITROACETONITRILE was prepared by the dehydration 
of methazonic acid (Reed and Kohler's method 90 ). 
a. Preparation of methazonic acid 
To a solution of 20 gm. of potassium hydroxide in 
40 ml. of water at 47-48°, 20 gm. of nitromethane was 
added, with good stirring, at such a rate that the 
temperature remained between 45-50°. This reaction 
mixture was allowed to cool to o0 in a freezing 
mixture, and 45 ml. of cone. hydrochloric acid was 
added at such a rate that the temperature did not 
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exceed 5°, and till the amber colour had been changed 
to yellow. The methazonic acid was filtered off and 
dried thoroughly, first by suction and then by pressing 
on a porous plate. It was then dissolved in 100 ml . 
of ether, the ether solution was dried with anhydrous 
calcium chloride for one day, and the ether was 
eva porated in a current of dry air. 
b. Conversion of methazonic acid to nitroacetonitrile 
15 gm. of methazonic acid were dissolved in 80 ml. 
of dry ether in a round-bottomed flask fitted with a 
reflux condenser having a calcium chloride tube. To 
the boiling solution, 17.5 gm. of thiony l chloride 
were added at such a rate that the solution remained 
boiling. The refluxing was continued for one further 
hour. The reaction mixture was filtered to remove 
the traces of solid, and the ether was eva porated in a 
current of dry air. After addition of 60 ml . of dry 
ether, the solution was shaken with 30 ml. of water . 
The ethereal layer was dried with anh yd rous calciu m 
chloride and allowed to stand over charcoal for one 
day to remove the coloured im purities. The ether 
was evaporated 1n a current of dry air. The y ie l d 
was 3.5 gm. 
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Tnis was purified by distillation at 0°/0.004 mm. 
and then was stored in a refrigerator. 
8. DIDEUTEROCHLORONITROMETHANE 
10 ml. of pure chloronitromethane was refluxed 
with 30 ml. of o2o in presence of O .1 gm. of fused 
sodium acetate. The exchanged chloronitromethane 
was separated by extraction with dry ether which was 
then evaporated. A further exchange was carried out 
in the manner described above with 10 ml. of fresh o2o. 
The dideuterochloronitromethane was separated by 
extraction with dry ether and dried over anhydrous 
magnesium sulphate. The ether was evaporated and 
the fraction boiling at 121° was collected. 
9. DIDEUTEROBROMONITROMETHANE 
Pure bromonitromethane was deuterated in the same 
manner as chloronitrornethane. 10 ml. of bromonitro-
methane was refluxed with o2o in the presence of fused 
sodium acetate, separated and then again refluxed with 
10 ml. of o2o in the presence of fresh fused sodium 
acetate. It was separated and distilled, b.p. 146°. 
SPECTRA 
The infra-red spectra of the liquids were 
determined with a Perkin-Elmer Model 621 dual grating 
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infra-red spectrophotometer. This instrument was also 
used to determine the infra-red vapour spectra of 
nitromethane and various substituted derivatives, in a 
cell of 10 cm. path length, with potassium bromide or 
caesium iodide windows. The resolution was in the 
-1 -1 
range 0.8 cm to 2.1 cm . 
The Raman spectra of nitromethane (CH 3No 2 and 
co 3No 2) and chloronitromethane and bromonitromethane 
were obtained with a Hilger 612 Raman s pectrophoto-
meter with photoelectric recording, at 
slit width of 4 cm- 1 , mercury light at 
used for excitation. 
a nominal 
43~g 
~4 5.S AO b e i n g 
~ 
Depolarisation ratios of the Raman bands of 
nitromethane and trideuteronitromethane were determined 
by means of two cylindrical polaroids (part no.8170565 
and 8170560, from Applied Physics Corporation, 
Monrovia, California). The pair of polaroids was 
calibrated with carbon tetrachloride on the same day 
on which the measurement was made. The slit wi dth 
used for the determination of depolarisation ratios 
was 6 cm.- 1 . However, in the measurement on the nitro 
stretching band at about 1550 cm- 1 , which is only 
moderately intense, a slit width of 8 cm-l had to be 
used. 
62 
CHAPTER F 
RESULTS AND DISCUSSION 
a SUBSTITUTION EFFECT ON NITRO STRETCHING 
The two stretching vibrations of the nitro group 
-1) ( -1) appear in the region (1300-1400 cm and 1560-1610 cm . 
The band due to the higher stretching frequency is the 
most intense one in the infra-red, while that due to the 
lower stretching frequency, in addition to being quite 
intense in the infra-red spectrum, is very intense in 
the Raman spectrum. Thus both bands can be identified 
unambiguously. 
(CH 3) 2 .CH.N0 2 there are two quite intense bands near 
1370 cm- 1 , that could be assigned to the symmetric CH 3 
bending and the lower N0 2 stretching mode. 
1. Effect on the higher stretching frequency 
of the nitro group 
The frequency of the higher stretching vibration of 
the N0 2 group is lowered by electron-donating groups and 
increases as the electron-withdrawing effect of the 
substituent is increased, in agreement with the previous 
findings. 68 , 96 , 98 For example the higher nitro group 
frequencies for c2H5No 2 , CH 3No 2 , CH 2ClN0 2 , CHC1 2 .No 2 and 
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1610 cm- 1 , respectively (Table XIV). There seems 
to be some mass effect on this frequency (the 
higher N0 2 stretching frequency in CH 3No 2 and co 3No 2 
is at 1562 cm-land 1542 cm-l respectively; 1n 
-1 
cm 
and 1569 cm-l respectively, but in general the 
electron-withdrawing effect outweighs the mass effect. 
ii. Effect on the lo wer stretching 
frequency of the nitro group 
In general, the lower stretching frequency of 
the nitro group is lowered by the increase in the 
mass of the substituent. The lo wer nitro stretching 
frequency in CD 3No 2 , CD2ClN0 2 , CHC1 2No 2 and CC1 3No 2 
_, 
- 1 - 1 134.l(:;fr) - 1 is 1392 cm , 1369 cm ) "and 1307 cm , res pectivel y . 
The mass effect is not so clear in the com pounds 
where CH 3 symmetric bending or CH 2 symmetric bending 
may be mixing with the lower N0 2 stretchin g fre quency. 
In CH 2ClN0 2 and CH 2BrN0 2 the lower N0 2 stretchin g 
frequency is almost the same, 1364 cm-l and 1363 cm- 1. 
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This would suggest an almost negligib1e mass effect, 
however the mixing between the CH 2 scissoring 
vibration (~1 08 cm- 1) and the lower N0 2 stretching 
( -1) vibration ~1 63 cm complicates the issue here. 
In dideutero derivatives this mixing is no longer 
there, the lower nitro stretching frequencies are 
1369 cm-land 1364 cm- 1 , respectively, showing a 
decrease in frequency with an increase in the mass 
of the substituent. 
the two lower N0 2 stretching frequencies are 
1342 cm-land 1332 cm-l (Table XIV). 
.... 
TABLE XIV 
FREQUENCIES OF HIGHER ( 11 ANTISYMMETRIC 11 ) AND LOWER 
( 11 SYMMETRIC 11 ) STRETCHING VIBRATIONS OF THE N0 2 GROUP, 
AND CN STRETCHING VIBRATION FREQUENCIES OF NITROMETHANES 
IN THE LIQUID PHASE (in cm- 1) 
Compound 
co 3No 2 
CH 2 Cl . N0 2 
CD 2Cl.N0 2 
CH 2Br.N0 2 
CD 2Br.N0 2 
CH 2CN.N0 2 
CH 3CH 2No 2 
CHC1 2No 2 
CHBr 2No 2 
b CF 3No 2 
b CC1 3No 2 
b CBr 3No 2 
Higher N0 2 st. 
1562 
1542 
1575 
1569 
1569 
1559 
1580 
1556 
1553 
1590 
1578 
1607* 
1610 
1595 
Lower N0 2 st. 
1402 
1378 
1392 
1364 
1369 
1363 
1364 
1360 
1390 
1366 
1398 
1355 
1342 
1332 
1311* 
1307 
1307 
CN st. 
915 
893 
896 
881 
901 
880 
900 
879 
842 
840 
a from ref.68. b from ref. 69. * Estimated from 
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positions of vapour bands by comparison with the vapour/ 
liquid shifts of chloropicrin and bromopicrin (ref.69). 
The lower stretching fre quency of the nitro 
group seems to be almost inde pendent of the effect 
of electron-withdrawal of the substituent, contrary 
to a suggestion made by Lunn. 96 According to his 
empirical relationship (equation 24)(p.53 ), the 
lower nitro stretching frequency decreases as the 
higher one increases. In the more com prehensive 
range of nitro com pounds no w studied, no such 
correlation between the t wo nitro stretching 
frequencies is observed. 
For example if one were to calculate vs' given 
the experimental values of vas' according to Lunn's 
correlation, vs in nitro-ethane should be 7 cm-l 
higher than in nitromethane. However, Table XIV 
shows that the lower N0 2 fre quency is actuall y about 
12 cm-l lower in nitro-ethane. Similarl y com parin g 
dichloronitromethane and dibromonitromethane, v5 
should be 15 cm-l higher in the latter com pound, 
whereas actually it is 10 cm-l lower. 
b THE NATURE OF THE N0 2 STRETCHING VIBRATIONS 
AND OF THE N0 2 GROUP 
When the polar effects operate on the two 
stretching vibrations of a sy mm etrical XY 2 group, 
the shifts of the YXY stretching fre quencies are in 
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the same direction, and of similar magnitude 
(cf. compounds RS0 2R' 
37 and ArNH 2 
3s, 53 and 
discussion on page c ). Conversely, when the 
stretching frequencies of a symmetrical group are 
mass sensitive, the mass effect is normally quite 
similar for both the stretching frequencies. For 
99* 
example, in phosgene and thiophosgene the two 
CC1 2 stretching frequencies are 845 cm-l and 570 
-1 -1 and 660 cm and 500 cm , respectively; similar 
behaviour is observed in the skeletal stretching 
-1 
cm 
92a frequencies in c6H6 and c6o6 ; the CHal 3 stretching 
frequencies in compounds HCHal 3 and DCHal 3 
(where Hal=Cl or BrlOO, 3Gb). 
The nitro group is generally considered to be 
symmetrical as in (20)(equivalent NO bond lengths). 
From an analogy with the behaviour of NH 2 stretching 
frequencies in amines and so 2 stretching frequencies 
, 
in RS0 2R
1
, the polar effects should change both NO 
stretching frequencies equally and in the same direction. 
Also if the two stretching vibrations are affected by 
the mass of the substituent (like CHal 3 in HCHal 3 and 
DCHal 3 and skeletal stretching frequencies in c6H6 
and c6o6), both the frequencies will be affected in 
the same manner. 
* A polar effect probably operates here 
in addition to the mass effect. 
However, the behaviour of the t wo stretching 
frequencies of the N0 2 grou p is not analogous with 
the behaviour of either NH 2 stretchin g fre quencies 
in amines (also so 2 stretching fre quencies in RS0 2R
1
) 
or CHal 3 stretching frequencies in HCHal 3 and DCHa l 3 . 
It is therefore necessary to look for the possib l e 
ex planations of the observed results. Ex planations 
based on the assum ption that the N0 2 grou p has c2v 
symmetry will be considered first. 
y y y y+ 
I I I 
x-c-z x-c- z x- c- z x- c- z 
I I I 11 I + _ ) N +~~ - / N+ /~ 
0 0 0 -\o~ " o-\ 0 0 
(18) (19) ( 2 0) ( 2 1) 
y y y 
I+ I_ I_ 
x- c -z X- C - z X- C - z 
Y,-I N'Y,- 1\ N++ / ~ 1 ~ 1 ~- 0;1 ~-
( 2 2) ( 2 3) ( 2 5) 
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I 
.. 
r"II·--------------------------------... 
Brown 68 tried to interpret his results by 
considering the contributions from the structures 
(21), (22), and (25) to the resonance hybrid (20); 
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he did not consider the contribution from structure (23). 
Brown 68 recognised that there would be some 
interaction between N0 2 in-phase stretching and 
CN stretching vibrations. Thus the N0 2 antis ymme tric 
stretching frequency would be determined predominantly 
by the NO stretching force constant but the lower 
( - 1) frequency near 1400 cm would not depend solely 
on the NO stretching force constant but would be 
affected also by the C-N bond stretching force constant. 
Electron-withdrawing substituents X, Y and Z, 
will reduce the contribution from (21) and increase 
that from (23), thereby raising the NO bond order and, 
hence the NO stretching force constant and if a direct 
relationship exists between the force constant and the 
frequency, this should cause an increase in both the 
N0 2 stretching frequencies. An increase in the 
contribution from (23) reduces the CN bond order and 
hence the CN stretching fre quency. If the electron-
withdrawing substituents also increase the contribution 
from (25) along with (23), it will further reduce the 
CN bond order, but will also increase NO bond order. 
.. 
r"'IIIIII .. --------------------------------.. 
Comparison of the CN stretching frequencies 
1n nitromethane and its chloro and bromo derivatives 
(see Table XIV) shows that there could be such a 
70 . 
reduction. The corresponding effect on the frequency 
near 1400 cm- 1 , which is due largely to N0 2 stretching, 
w o u l d b e s m a l l , a n d w o u l d ~ .9v0 b b 1 y 1 o t a n n u l t h e 
raising of the symmetric N02 stretching frequency 
that should result from the increased contribution 
by form (23) and also form (25). 
The other possible complicating factors which 
could cause the unexpected behaviour of the two ONO 
stretching vibration frequencies become apparent from 
a consideration of the valence force field equations 
(12), (13) and (14), which have already been 
discussed on page~lic ~i1 From =n14 it follows that vas 
is raised if the angle 2a is raised or K1 the force 
constant increases or K12 , the interaction constant 
decreases. 
Both Bent'lOl and Castelli, Palm and Alexander 95 
have suggested that the angle 2a increases as the 
electron-withdrawing effect of the substituent increases, 
attributing these changes to an increase in the 
s-orbital character of the NO bond. Some structural 
tudies of nitro compounds by the electron diffraction 
methoct 108- 112 have reported a greater ONO angle for 
I 
.. rlllll-----------------------------
.. 
CH 3No 2, CF 3No 2 , CC1 3No 2 and CBr3No 2 being 127°, 
132°, 131.7° and 134°, res pectively (Table XV). 
According to Karle et a1 102 , 103 in trihalogenonitro -
methane the CN0 2 system is not planar (which seems 
rather surprising). However another electron 
diffraction study on trichloronitromethane 111 had 
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reported that its ONO angle 1 S 127°, as 1 n nitromethane 
and the CN0 2 group 1 S planar. Even if we suppose 
that 
the ONO angle increases from 127° i n CH 3No 2 to 134° in 
CBrJ0 2, this does not account for the 
to ta 1 increase 
in the value of ~as· (L.H.S. of equation (14) 
increases by about 4 per cent when three hydrogen atoms 
in CH 3No 2 are replaced by bromine; while the increase 
in the R.H.S. of =n(14) due to an increase in the ONO 
an g 1 e from 12 7 ° i n CH 3 NO 2 to 13 4 ° i n CB r3 NO 2 w i 1 1 be 
only about 1 per cent). 
Also, suggestions by both Bent, 111 and Castelli, 
Palm and Alexander95 that the ONO angle increases with 
the increase in the electron-withdrawing group cannot 
be regarded as generally tenable, in view of the 
observations reported for nitryl halides and nitrates 
of hydrogen, deuterium, chlorine and fluorine, 
collected in Table XVI and those for cx 3No 2 derivatives 
shown in Table XV . 
• 
"" .. -------------------------...._ .. 
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TABLE XV 
MOLECULAR DIMENSIONS FOR NITROMETHANE 
AND ITS DERIVATIVES 
Compound CN bond 1 ength 
(in A0 ) 
CH 3No 2 
a 1.46 
CF 3No 2 
b 1.56 
CC1 3No 2 
C 1.59 
CBr 3No 2 
b 1.59 
CC1 3No 2 
d 1.59 
1.47 
NO bond length 
(in A0 ) 
NO' = 1. 21 
NO II = 1. 21 
NO' = 1.21 
NO 11 = 1 . 21 
NO' = 1. 21 
NO II = 1 . 21 · 
NO' = 1.22 
NO II = 1.22 
NO' = 1 . 21 
NO II = 1 . 21 
NO' = 1.22 
N0 11 = 1.22 
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ONO angle 
127° 
132° 
131.7° 
134° 
127° 
a from ref. 108; 
d from ref. 111; 
b from ref. 109; 
e from ref. 112. 
c from ref. 110; 
.. 
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TABLE XVI 
N0
2 
STRETCHING FREQUENCIES AND ONO BOND ANG LES 
(where reported) OF NITRYL HALIDES AND NITRATES 
OF HYDROGEN, DEUTERIUM, CHLORINE AND FLUORINE 
Compound N0 2 Higher st. 
Freq.(cm- 1) 
N0 2 Lower st. 
Freq.(cm- 1) 
ONO Bond 
Angle 
FN0 2 
a 1792 1310 
ClN0 2 
a 16 85 1267 
HON0 2 
b 1708 1325 
DON0 2 
b 1687 1308 
FON0 2 
C 1759 1301 
ClON0 2 
C 1735 1292 
a from ref. 102; 
d from ref. 105; 
b from ref. 103; 
e from ref. 106; 
125 d 
130 e 
129.5 f 
c from ref. 104; 
f from ref. 107. 
In HON0 2 and ClON0 2 , the angle ONO is almost the 
same but the higher N0 2 fre quency is higher in ClON0 2 
than in HON0 2 , but the lower N0 2 stretching fre quency 
is lower in ClON0 2 than in HON0 2 . 
Table XVI shows 
-
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that substituent X in the XON0 2 series of compounds 
have the same effect on the two stretching frequencies 
of the N0 2 group as they have in the XCH 2No 2 series of 
compounds. 
The other possibility to be considered is that 
the force constant K1 increases or K12 decreases or 
(the increase in K1 is much more than the net increase 
in K12 ) by electron-withdrawal. As shown above 
(page 69 , and see the structures (21) and (23)) 
electron-withdrawal should raise K1 . Bent
101 
and 
Castelli et~ 95 who postulate that increased 
electron-withdrawal increases the s character of NO 
bond, arrive at the same result. A relativel y high 
value of K12 
' 
( 1. 5 to 2.0 m dy n I AO ) can be expected 
for a system 1 i ke ( 2 0) , on the basis of the Thompson-
Linnet mechanism 58 for facilitation of antis ymmetric 
ONO stretching ( see page 25 ); however value of K12 
associated with the structure (23) also would be 
quite high (cf. CO 2), w~ereas that associated with 
form (21) would be low. Thus electron-donating 
substituents (which favour form (21)) are expected to 
reduce K12 appreciably, but electron-withdrawing 
substituents should onl y reduce K12 slightly or not 
at all. It is possible that wh en K1 increases, K12 
.. 
will increase too but the increase in K1 
will be far greater than the increase ,n K12 . 
The increase in the value of K1 (assuming K12 , 
K 
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a and-'! remain constant) will satisfy the observed 
1 2 
results for ~as (see =nl4). An increase in the 
value of K1 will mean that v! v~e should also increase. 
2 2 In practice vs vbe , if anything, decreases in value. 
Though there is no specific relationship between the 
2 2 
value of vs vbe and the polar effects of the substituents, 
the value of v! v~e are usually lower in substituted 
nitromethanes than what they are in unsubstituted 
nitromethanes. The variation in the values of 
v
2 
+ vb2 are also similar to the values of vb2 v 2 s e e s 
(Table XVII). Therefore it has to be assumed that 
when K1 increases, there is a decrease in the value of 
This complicates the issue. Moreover 
it is not known to what extent N0 2 scissoring mode 
mixes with other stretching or bending modes of the 
substituent groups. With no known values of 
K1 , K12 and Ka/ 12 it is impossible to single out an y 
... 
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TABLE XVII 
2 \)2 
vs be \)2 + 2 s vbe 
-8( -1)'-I x 10 cm x 1 0 - 4 ( Cm - 1 )2 
CH 3No 2 1390 656 8314 2362 
C0 3No 2 1392 622 7496 2324 
CH 2ClN0 2 1364 600 6698 22 20 
CD 2ClN0 2 1369 565 59 83 21 93 
CH 2BrN0 2 1363 558 5784 2168 
CD 2BrN0 2 1364 536 5345 2137 
CH 2CNN0 2 1360 576 6136 2182 
CHC1 2No 2 1342 620 69 23 2
185 
CHBr 2No 2 1332 620 6820 2158 
vs and vbe are the lower (symmetric) stretc hing and 
the scissoring vibrational frequencies of the N0 2 
group, respectively. 
one reason for the manner in which the N0 2 stretching 
fre quencies behave. It is possible that due to an 
electron-withdrawing effect the ONO bond angle 
increases, the NO force constant K1 increases and 
at the same time Ka / 12 decreases. 
It ma y be pointed out that the effects of 
substituents in nitromethane on the stretchin g 
frequencies of the nitro grou p are qualitativel y 
similar to the effects on the carboxylate stretchin g 
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frequencies in substituted acetate ions.
29 
(Quantitativel y there is a major difference ; ,n 
acetate ions, the higher co 2 stretching fre quenc y i s 
exceptionally sensitive to polar effects). It is 
also possible to put forward an ex planat i on of the 
above results on the basis of the classical structure 
of the ONO grou p , although this does not app ear as 
satisfactory . 
R-+/ 0 
(26a) ( 26b ) 
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The higher N0 2 stretching vibration in a molecule 
(26) would be due mainly to stretching of the N=O bond . 
N·t 1 t th. f . k 106-111 t , rosy s rec 1ng requenc,es are nown o 
-1 occur near 1600 cm . The lower N0 2 stretching 
frequency in a molecule (26) arises from what is largel y 
+ -an N~O stretching vibration. One reason why it could 
be so high (cf. N-0 stretch in hydroxylamine 3oe is at 
about 906 cm-l but ~1250-1300 cm-l in pyridine-N-oxide 
l19,l 20) for N-0 bond stretching is that the 
hybridisation at the N atom is sp 2 and not sp
3
. In 
addition the frequency is further raised as a result 
of appreciable mixing between the C-N and N-0 stretching 
vibrations; the C, N and O atoms are of almost the same 
mass. The vibrations of the frequencies 915 cm-land 
1390 cm-l should thus be considered to be in part 
+ -
in-phase and out-of-phase stretching of the C-N-0 
+ -
group, rather than pure C-N and N-0 stretching. 
It is 1111111 difficult to predict from theoretical 
considerations whether the resonant symmetrical 
hybrid structure (20) or the classical structure (26) 
would be energetically preferred. The energetic 
criterion may be expressed as follows. To convert 
+ - 1 1 O=N-0 into the ~-O~N~O ~- system, the N=O bond has to 
be stretched and N-0 bond has to be compressed; if 
, 
there is no change in electron delocalization energy 
this requires a certain distortion energy, ED. When 
the two NO bond lengths are equal and at a certain 
optimum value, the resonance energy is at a maximum. 
As a result there is a gain in resonance energy , 6ER. 
If 6ER is greater than or equal to ED' then the 
resonant form will be stable. If 6ER is less than 
E0 , the classical structure wi ll be energeticall y 
preferred. It is difficult to deduce from theory 
whether E0 or 6ER would be greater. Very drastic 
simplifying assumptions are necessary ,n any 
calculation of 6ER. 
c. The Raman Spectra 
The N=O stretching mode in the Raman s pectra of 
the alkyl nitrite is usually very intense. 30.f 
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If the nitro group is of Cs symmetry , inequivalent NO 
bonds, an intense band for the higher N0 2 group 
stretching will be expected. Generally t his band in 
the nitromethanes is of low intensity and the reported 
depolarization ratio is very high (Table XVIII). 
This observation fits wi th the theory that the N0 2 grou p 
is of c2v symmetry, equivalent NO bonds (also su pp orted 
by the electron diffraction measurements) , ,n whi ch case 
the higher N0 2 stretching fre quency s hould be depol arized 
and the lower N0 2 stretching fre quency be polarized . 
,.,.---------------------------........ 
TABLE XVIII 
DEPOLARIZATION RATIOS FRO THE HIGHER AND THE LOWER 
STRETCHING FREQUENCIES OF THE N0 2 GROUP IN THE 
NITROMETHANES 
Compound 
CH 3No 2 
CH N15 o a 3 2 
C0 3No 2 
c2H5No 2 
b 
n-C 3H7No 2 
b 
iso-C 3H7No 2 
b 
CH 2BrN0 2 
C 
CD 2BrN0 2 
C 
CH 2ClN0 2 
C 
CD 2ClN0 2 
C 
CC1 3No 2 
d 
CBr 3No 2 
d 
a from ref.121; 
c from ref.97; 
Higher N0 2 st. Lower N0 2 st. 
Depo l. ratio Depol. ratio 
0.81 (0.41, 0.33) 
0. 86 (0.23) 
0.88 0.20 
0.85 0.40 
0.81 0.29 
0.84 0.40 
0. 80 0.15 
0.79 0.29 
0.65 0.34 
0.68 0. 2 8 
0.79 0.49 
0.74 0.32 
b from ref. 30; 
d from ref. 69. 
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CHAPTER G 
LIQUID-PHASE AND VAPOUR-PHASE INFRA-RED SPECTRA, 
RAMAN SPECTRA, AND VIBRATIONAL BAND ASSIGNMENTS 
FOR NITROMETHANE AND ITS DERIVATIVES 
Although the Raman spectrum favours the c2v 
symmetry of the nitro group, equivalent NO bonds, the 
effect of substituents, in a position, on the two 
stretching frequencies of the nitro group does not 
give an absolute and clear differentiation between 
the nitro group of Cs symmetry and c2v symmetry. 
Consequently it was anticipated that a study of the 
band contours in the vapour phase infra-red spectra 
of CH 3No 2 and co 3No 2 may be helpful in determining 
the symmetry of the N0 2 group. If the heavy atom 
skeleton CN0 2 in nitromethane has c2v symmetry, 
C-N stretching, N0 2 symmetric stretching and N0 2 
scissoring vibrations will give A-type bands. Also 
CH 3 symmetric stretching and CH 3 symmetric bending 
should give rise to A-type bands. But if the nitro 
group has Cs symmetry, the above mentioned bands will 
be hybrid AB type bands, in plane polarized, although 
they may approximate to type A bands. 
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TABLE XIX 
FREQUENCIES OF BAND MAXIMA IN THE INFRA-RED SPECTRU M 
OF NITROMETHANE IN THE VAPOUR STATE 
-1 
cm 
3046 
3040 
30 32 
30 23 
2984 R 
29 7 2. 5 
2962 
2958 
2948 
2800 
2776 
2762 
2499 
2480 
2310 
2300 
Q 
int ens i ty 
v.v.w 
w 
v.w 
v.w 
v.v.w 
-1 
cm 
2044 
19 7 8 
1590.5 
1577.8 
1543.4 
1530.0 
1527.5 
1520.0 
1513.6 
1510.0 
1502.6 
149 5. 9 
1492.0 
1484.2 
1469.8 
1468.4 
intensity cm- 1 intensity 
v.w 1466 
1460.2 
v.v.w 
1456.8 
R 1441.8 
v.s 
p 1438.2 
1434.6 
1432.0 
1423.3 
1411.8 
1407.1 
1397.0 
1395.8 
1388.5 inf 1 . 
s 
m 1380.0 
1377.9 
1370.4 
'""'--------------------------
-1 
cm 
1120 
1106.9 
1104.6 
1098.8 
1093.0 
10 89. 8 
1086.5 
10 80. 0 
929.7 
916.0 
912.5 
902.3 
intensity 
m 
R 
Q 
w 
p 
TABLE XIX 
(page 2) 
-1 
cm 
667.5 
655.2 
643.2 
642.0 
641.1 
611.0 
600.0 
590.0 
485.5 
468.5 
R 
Q 
p 
R 
Q 
p 
R 
p 
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intensity 
m 
w 
w 
-
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TABLE XX 
FREQUENCIES OF BAND MAXIMA IN INFRA-RED AND RAMAN SPECTRA OF NITROMETHANE 
(CH 3No 2) 
Vibrational obs. Infra-red Raman Liquid 
mode Band Vapour Liquid type Depo 1 . 
-1 -1 -1 Ratio 
cm Int. cm Int. cm Int. 
CH 3 asym.st. 3040.0 v.v.w 3042 0.05 
CH 3 sym.st. A 2972.5 w 2950 0.1 
N0 2 Higher st. B 1583.6 V. S 1562 2.6 1563 0.9 0.78 
CH 3 asym.be. 1463 w 1422 0.12 
CH 3 sym.be. ? 1395.9 s 1402 1 . 4 1402 6.9 0.31 
N0 2 Lower st. A* 1377.9 s 1378 1 . 5 1380 5.0 0.25 
CH 3 rocking 1100 m 1097 0.3 1105 0.35 
CN st. A 916.0 w 915 0. 16 918 10.2 0.26 
N0 2 sciss. A 654.3 m 656 1. 16 655 2 . 1 0.3 
CN0 2 o.p.be. C 600.0 w 603 0 . 11 607 0.4 
CN0 2 i .p.be. B 475 w 476 0. 11 480 0.95 
co 
-i::,. 
TABLE XX 
(page 2) 
Other Bands in Infra-red Spectra of Nitromethane 
Vapour Phase 
Assignment 
1584+1382 = 2966 
or 
1584+1378 = 2962 
2x1409 = 2818 
or 
2x1382 = 2764 
1584+ 916 = 2500 
1396+ 916 = 2312 
1378+ 654 = 2032 
1378+ 600 = 1978 
2x 916 = 1832 
Freq. 
29 62 
2956 
2947 
2800 
2785 
2774 
2760 
2499 
2480 
2300 
2030 
19 80 
1830 
Contours 
B 
Liquid Phase 
Assignment 
1562+1378 = 2940 
2x1402 = 2802 
1402+1378 = 2780 
1562+ 915 = 2487 
1378+ 915 = 2 29 3 
1378+ 656 = 2034 
2x 915 = 1830 
2x 656 = 1312 
2x 603 = 120 6 
For abbreviations used, see page vii. 
A*= distorted A-type contours. See text. 
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Freq. 
2928 
279 8 
2766 
2464 
2283 
2026 
1830 
1310 
120 7 
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of Nitromethane (Gas Phase) in the Region 
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Fig.13 A, B, and C Type Band Contours Calculated for Nitromethane 
124 by W.J.Jones and N.Sheppard (Reference ~II.) 
I..O 
N 
TABLE XXI 
COMPARISON BETWEEN OBSERVED AND CALCULATED BAND CONTOURS OF NITROMETHANE 
Vibrational Frequency Band type Separation 
mode . - 1 
,n cm This work Jones and 
Sheppard 
Observed Calculated 
CH 3 sym.st. 2972.5 A (R-Q) 11-12 (P-R) 33 (R-P) 27 
916 + 1584 2493 B 11R11 - II p II 19 11 
Higher N0 2 st. 1583.6 B 
11R11 __ II p II 12.7 11-12 11 
Lower N0 2 st. 1378.0 
11A11 ! R-Q 10.5-14 27 
Q-P 8-9 
C-N st. 916 A R-P 27.4 27 27 
N0 2 654.3 A R-P 26.4 Q-R 13 27 
C-No 2 o.p.be . 611 C 
N0 2 rocking 475 B 
II R II 
-
II p II 17-20 11 
Distorted A-type 
I.O 
w 
a NITROMETHANE 
Earlier workers' D, 74 , 2 4w ho studied the 
infra-red s pectrum of nitromethane va pour have 
considered the nitro group in nitromethane to have 
equivalent NO bonds, and have taken the symmetry of 
94 
the heavy atom skeleton to be c2v. A molecule wi th 
seven atoms, nitromethane will have fourteen 
fundamental vibrations (the one torsional 
vibration becomes a rotational degree of freedom) . 
The methyl group in nitromethane has c3v 
symmetry. As the energy barrier to internal rotation 
in nitromethane is very sma11 122 (6.03 cal/mole), 
according to Jones and Sheppard, 9la,l 24 the t wo 
asymmetric stretching, the two asymmetric bending and 
the t wo rocking vibration fre quencies should be 
degenerate and only eleve n fundamental vibration 
fre quencies should be observed in the infra - red 
spectrum of gaseous nitromethane above 250 cm - 1 . 
For the nitromethane molecule, considered to hav e 
equivalent NO bonds, the three princi pal moments of 
inertia are 41.25 amA 2 , 47.97 amA 2 and 86. 06 amA2 
(determined from rotational constants as give n in 
ref. 122 and 123); the mini mum moment of i ner t ia be ing 
along the C-N axis. In the infra-red va pour s pectru m 
.. 
I 
95 
of an asymmetric top molecule, the band contours can 
be divided into three types A-, B- and C-, depending 
upon whether the change in dipole moment during the 
vibration occurs along the axis of least, intermediate 
or the greatest moment of inertia. A-type bands have 
a sharp central absorption maximum with symmetrically 
placed wings on either side; B-type bands have a 
central minimum with symmetrically placed maxima on 
either side and a broad wing on the far side of each 
maximum; C-type contours consist of a very strong 
central branch with only weak broad bands on the sides. 
For the near oblate symmetric top molecule like 
nitromethane, where IA~ I 8 , A- and B-type bands 
resemble the perpendicular bands of the oblate symmetric 
top (having IA= I 8 ), while C-type bands, where the 
dipole moment changes along the parallel to the unique 
C axis, resemble parallel bands of an oblate symmetric 
top. 
Jones and Sheppard 124 calculated that, in a 
nitromethane molecule of c2v symmetry, the frequency 
difference between the P and R branch maxima of A-typ e 
and C-type bands will be 27 cm-land 34 cm-l 
respectively, and the Q - Q branch separation of the 
B-type band will be 11 cm- 1 . In some recent 
publications, the PR separations of absorption bands 
.. 
of a large number of prolate and oblate asymmetrical 
top molecules were calculated according to a new 
procedure based on the formulas of Gerhard and 
Dennison 125 and of Badger and Zumwalt. 126 For an 
oblate asymmetrical top molecule an expression 127 
to simply calculate the frequency difference for 
the P and R branches, is 
"' ( ) ~ -1 6 \J p R = 10 X BT/ 9 2 cm ( 2 7) . 
For a molecule such as nitromethane, where 
+ 1 ~ K ~ 0 and rf > ~' (KCH NO = 0.4602 p* = 0.605), 
3 2 
the value of x in an A-type band is equal to 
2 S( S )/(p+l) ~ , 3 
"' for a B-type band X 1 S given by 1/(p+l)~ 
' 
and 
"' 
. 
,v 
for a C-ty pe band X 1 S equal to S( S)/(l+ p)~' 
where P = B/A (28) 
# 
s + 1 = C (29) ....... 
28 
,v, 
B = AB/A+B (30) 
log S( S ) 0.721 ( 31) = (s+ 4 )1.13 
s+ 1 C ( 3 2) = B 
96 
-
and 
P* = A-C B 
2B-A-C K = 
(A-C) 
(33) 
(34) 
Here A, Band Care the rotational constants of the 
97 
molecule. The PR separations for A-, B- and C-type 
bands of nitromethane, as calculated from t he =n(27), 
are 26.05 cm- 1 , 25.9 cm-land 39 cm-l res pectively 
(see below). 
Seth Pau1 128 also gave another formula to 
simply calculate the frequency difference for 
P and R branches. 
- 1 1 
~v PR= 10 x (BT/9)~ cm- ( 3 5) . 
F o r a mo l e cu l e w h e re + 1 ~ K ~o a n d p* > ~ A/ x for an 
,...; 
A-type, B- and C-ty pe band is given by 2 S( S), 
3 
1 and S( S ) respectively. This ex pression gives 
-1 . -1 -1 25.8 cm , 26.0 cm and 38 . 7 cm as the value for 
PR separation of an A-, B- and C-type ba nd of 
nitromethane, respectively. Followin g are t he values 
* of rotational constants (A, Band C) p , K and ~v PR 
for the nitromethane molecule. 
.. 
a. Rotation Constants 
( b ) 
( C) 
( d) 
( e ) 
Band Type 
A-type 
B- type 
C- type 
, A= 12260.2 Mc/Sec. 
B = 10542.7 Mc/Sec. 
C = 5876.7 Mc/Sec. 
p* = 0.6055 
K = 0.462 
= -0.443 
PR frequency differences 
Jones and Calculated 
Sheppard 124 from 
=n(27)127 
27 cm-l 26.1 cm-l 
11 cm -1 25.9 cm-l 
(Q Q branch) 
-1 39.1 -1 34 cm cm 
98 
Calculated 
from 
=n(35)128 
25.8 cm-l 
26.0 -1 cm 
38.7 -1 cm 
-
99 
The P and R branch frequency differences have 
been calculated on the assumption that the rotational 
constants do not change for the excited vibrational 
state. However if the rotational constants do 
change in the vibrationally excited state, then the 
6vPR values may differ from the calculated ones. 
The frequencies and band assignments, and the 
infra-red spectra (gaseous and liquid) and the 
Raman spectrum (liquid) of nitromethane are given in 
Tables XIX and XX and in Figs. 5 to 12. In general, 
the infra-red spectra agrees with those reported 
·10) 741/2.4 
earli ·er, but the spectra reported here are, for the 
most part, rather more detailed because higher 
resolution was used. Peaks due to satellite Q 
branches for A-type bands have been repeatedly observed 
here. Also the assignment of frequencies mostly agrees 
with those given previously. A different frequency 
for the CH 3 symmetric stretching band was observed, 
the Q branch is at 2972.5 cm-l (Jones and Sheppard 124 
- 1) give 2964.3 cm and its one side wing is at 
2984.0 cm-l (see Fig.8). the other side 1s largely 
obscured by the structure due to the combination band 
at 2962 cm-land 2955 cm- 1 , which is of much higher 
intensity. The methyl asymmetric bending fre quency 
-
100 
h e r e g i v e n 1 s t h a t o f t h e "c e n t r a 1 m i n i m u m 11 , o f t h e 
-1 
vibration rotation band system, 1463 cm (see Fig . 9) . 
(Jones and She ppard, 124 whose spectrum agrees with 
that obtained here, place it at 1438.1 cm-l on the 
basis of their analysis of this system.) 
Most bands can be clearly classed as A-typ e, 
B-type or C-ty pe; for the A-type bands the R-P 
separation agrees closel y with that calculated by 
Jones and She ppard, 124 but for some B-typ e bands the 
maximum to maximum separations deviate quite markedl y 
from the 11 cm-l calculated (see Table XXI). It 
could be possible that in B-type ban d Q-Q 
maxima are not intense enough and are overla pp in g 
the P and R bands. 
An interesting region, from the structural point 
of view, is that near 1400 cm- 1 , where t wo fundamental 
vibrations occur, compounded mostl y of CH 3 symmetric 
bending and the N0 2 stretching vibration of lo wer 
frequency. 
If the CN0 2 system has c2v sy mm etry and the H3CN 
system has c3v symmetry
9la,l 24 then both these 
vibrations must give rise to i nfra-red ba nds wi t h 
A-type contours. The chan ge in di pole moment dur i ng 
these vibrations (irres pective of whether they are 
-
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pure CH 3 symmetric bending and pure N0 2 symmetric 
stretching or whether they are mixtures of the two), 
must be parallel to the CN bond axis, i.e. to the 
axis of minimum moment of inertia. 
The spectrum in Fig.9 shows that the region 
1420-1360 cm-l does not contain two A-type bands 
superimposed on one another. The actual spectrum 
is quite complex. There may be one band system 
centred at 1378 cm-land another centred on the 
doublet at 1396+1397 -1 cm The former could be a 
distorted A-type band (R-P separation ~19-23 cm- 1 , 
and not at all like the symmetrical A-type bands at 
-1 - 1) 916 cm and 654 cm . The latter, because of 
severe overlapping cannot be clearly classified. 
In order to eliminate the complexity that arises 
as a result of band overlap, and vibrational mixing 
of CH 3 symmetric bending vibration and N0 2 symmetric 
stretching vibration, the spectrum of CD 3No 2 has been 
examined. There the lower N0 2 stretching vibration 
is well isolated. The possible factors that can 
affect the band contours will be discussed later on. 
. -
b TRIDEUTERONITROMETHANE 
The frequencies and band assignments, and the 
infra-red spectra (gaseous and liquid) of 
trideuteronitromethane are given in Tables XXII and 
XXIII, and in Figs. 14 to 22, respectively. The 
infra-red vapour spectrum of trideuteronitromethane 
has been reported by T. Wilson. 71 
The assignments made here agree with those of 
T.Wilson 71 for the N0 2 vibrations but not for some 
of the CD 3 vibrations. Bands due to the latter 
102 
vibrations all show fine structure, with the possible 
exception of co 3 symmetric stretching band. This 
latter shows good A-type contours. No band system 
with A-type contours attributable to CD 3 symmetric 
bending can be clearly seen; the structure centred 
on 1087 cm-l is assigned to this frequency because 
of its proximity to the Raman band at 1081 cm- 1 ; the 
latter can be assigned with confidence. 
The energy barrier to internal rotation in 
trideuteronitromethane is 5.19 cal/mole 122 and 
according to the approximation made by Jones and 
Sheppard 124 the two asymmetric co 3 stretching vibrations, 
the two co 3 asymmetric bending vibrations, and in-plane 
I 
and out-of-plane co 3 rocking should be degenerate. 
The assignments are made on the assumption that 
these degeneracies are unsplit. 
It is difficult to establish whether the co 3 
asymmetric stretching system in the vapour phase 
spectrum is better considered as centred on the 
minimum at 2288 cm-l or on the doublet at 2282 cm-l 
Half the co 3 rocking band is covered by the CN 
103 
stretching band system. The asymmetric co 3 bending 
band system, here regarded as centred on a "central 11 
minimum at about 1042 cm- 1 , bears an interesting 
resemblance to its counterpart in the CH 3No 2 vapour 
phase spectrum, at least on the high frequency side. 
91a Jones and Sheppard have remarked on the strong-weak-
weak-strong intensity alternations for the bands at 
-1 1481, 1492, 1503 and 1513.5 cm in the s pe ctrum of 
nitromethane. The co 3No 2 bands at 1052, 1059, 1005 
and 1070 cm-l show a 11 strong-medium-medium-strong 11 
alternation. This is related to the internal 
rotation in the molecule. 
-
TABLE XXII 
FREQUENCIES OF BAND MAXIMA IN THE INFRA-RED SPECTRUM 
OF TRIDEUTERONITROMETHANE CD 3No 2 IN THE VAPOUR STATE 
104 
-1 
cm intensity -1 cm intensity cm- 1 intensity 
2951 R 2086.0 R 1064.8 
w 
2934.4 p 2073.0 Q v.v.w 1058.8 m 
2065.0 p 1052.0 
2776.4 R 
1044.0 
2764.1 Q 19 80. 5 R 
w 1038.0 
2757.2 p 1971.4 Q v.v.w 
1031.5 
1960.0 p 
2461.6 R 
w 1028.8 
2445.0 p 1578.3 1026.6 
v.s 
1562.5 p 1022.9 
2303.2 v.w 
1015.8 
1400 . 0 R 
2206.2 R 1009.0 
1387.0 Q s 
2191.2 Q v.w 
13 74 . 2 p 958.0 
2179.5 p 9 40. 1 1100.5 
2126.0 R 935.6 
1093.6 
2120.0 Q v.w 
1087.2 903.4 R 
2106.0 p 
1081.9 891. 9 Q m 
1074.8 882 p 
1070.0 871.1 
TABLE XXII 
(page 2) 
cm-l intensity 
639.6 R 
620.3 Q m 
610.0 P 
555.2 R 
538.7 Q w 
524.2 P 
438 R 
w 
417 P 
10 5 
TABLE XXIII 
FREQUENCIES OF BAND MAXIMA IN INFRA-RED AND RAMAN SPECTRA OF TRIDEUTERONITROMETHANE 
(CD 3No 2) 
Vibrational 
mode 
CD 3 asym.st. 
CD 3 sym.st. 
N0 2 Higher st. 
N0 2 Lower st. 
CD 3 asym.be. 
co 3 sym. s.t. be. 
C-N st. 
CD 3 rocking 
N0 2 sciss. 
CN0 2 o.p.be. 
CN0 2 i.p.be. 
Obs. 
band 
tY_Qe 
A 
B 
A 
A 
A 
C 
B 
Infra-red 
Vapour Liquid 
cm-l Int. cm-l Int. 
2287 v.w 2274 
2191.2 v.w 2182 
1571.4 v.s 1543 3.6 
1387.0 s 1392 1.8 
1042.0 w 1038 0.21 
1087.0 w 10 70 0.08 
892.1 m 893 0.40 
887.1 m 880 0.44 
620.3 m 622 0.99 
538.7 w 541 0.16 
420 v.w 430 0.04 
Raman 
Liquid 
cm-l Int. 
2183 3.7 
1547 1 . 0 
1393 7.5 
1081 0.3 
896 5. 2 
626 1 . 6 
432 0.45 
Depa 1. 
Ratio 
0.05 
0.88 
0.2 
0.07 
0.3 
....... 
0 
CJ) 
10 7 
TABLE XXIII 
(page 2) 
Other Bands i n Infra-red Spectra of Trideuteronitromethane 
Vapour Phase Liquid 
Assignment Freq. Ass i g.nmen t 
2951 R B 1571+1387 = 29 58 2934 p 1543+1392 
2xl392 
2776 R 1543+ 893 
2xl387 = 2774 2764 Q A* 
2757 p 893+1070 
622+1070 
2462 R 430+ 893 
1571+ 892 = ;l463 2445 p B or 430+ 81~· 
2126 R 541+ 430 1042+1087 = 2129 2120 Q 
1571+ 539 = 2110 2106 p 
1980.5 
1387+ 620 = 2007 1971.4 
or 
10 87+ 892 = 1979 1960.0 
958.0 
539+ 420 = 959 940.1 
935.6 
For abbreviations used, see page vii 
A*= distorted A-type contours. 
= 
= 
= 
= 
= 
= 
= 
= 
Phase 
Freq. 
2933 2920 
2784 2774 
2436 2424 
1963 1968 
1692 1684 
1321 
1310 1311 
971 942 
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For a molecule of co 3No 2 , the heavy atom 
skeleton CN0 2 of c2v symmetry, the three principal 
moments of inertia are 44.33 amA 02 , 58.15 amA
02 
and 
96.2 ~A2 ; the axis of the smallest moment of inertia 
contains the CN axis. The values of the rotational 
constants, and K, p*, Sand t~PR as calculated from 
the =ns (34) (33) (32) and, (27) and (35) respectively, 
are given below. 
(a) Rotational constants 
. A 11408.4 Mc/Sec. 1 = 
i i B = 8698 Mc/Sec. 
i i i C = 5254 Mc/Sec. 
( b ) p* = 0.709 
( C) K = .121 
( d) s = -0.396 
( e ) P-R frequency difference 
Calculated from =n(27) Calculated from =n(35) 
A-type band 24.4 -1 24.1 
-1 
cm cm 
8- type band. 24.2 
-1 24.2 -1 cm cm 
C- type band 36.6 -1 36. 1 
-1 
cm cm 
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TABLE XXIV 
BAND CONTOURS OF TRIDEUTERONITROMETHANE 
Vibrational Frequency Band Separation 
mode -1 type . , n cm , n 
co 3 asym.st. 2303.2 
-
co 3 sym.st. 2191.2 A R-P 
N0 2 Higher st. 1571.4 B 
11 R11 - 11 P 11 
N0 2 Lower st. 1387.0 A R-Q Q-P 
C-N st. 89 2. 1 A R-P 
N0 2 sciss. 620.3 A R-P 
CN0 2 o.p.be. 538.7 C R-P 
CN0 2 i .p.be. 420.0 B 
11 R11 - 11 P 11 
Combination and overtone bands 
1571 + 1387 2942.2 B 11 R11 - 11 P 11 
2 X 1387 2764.1 A* R-Q Q-P 
1571 + 892 2453.3 B 11 R11 - 11 P 11 
For abbreviations used, see page vii 
A*= distorted A-type contours. 
See text. 
-1 cm 
26.7 
15.8 
13.00 
12.8 
~22.0 
27.0 
31. 0 
21 
16.6 
12.3 
6.9 
16.6 
I 
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The infra-red vapour spectrum of trideutero-
nitromethane as for CH 3No 3 with the CN0 2 system of c2v 
symmetry and o3cN system of c3v symmetry will consist 
of A-, B- and C-type bands of an asymmetric top. 
co 3 symmetric stretching (Fig.17), CN stretching 
(Fig.21), ONO scissoring (Fig.22) and NO;; symmetric 
stretching (Fig.19) vibrations give rise to good or 
fair A-type contours; as pointed out above co 3 
symmetric must be clearly seen. (For P-R separation 
see Figure 20 ) . The values of frequencies of P-R 
separation for these bands are quite close to those 
calculated for nitromethane by Jones and Sheppard. 
Seth Paul pointed out that the relative intensities 
of Q and, p and R branches 1 n a band are dependent on 
the values of S, Kand p*. Hence one would not expect 
the A-type contours in co 3No 2 and CH 3No 2 to be 
identically the same in every respect, as is the 
case here. 
The higher N0 2 symmetrical stretching band at 
1571 cm-l (Fig.18) does not show Q branches clearly. 
It seems that the Q branches on either side are not 
so strong and are overlapping P and R branches. So 
the difference in the band maxima as re po rted in 
TableXXIV, is not the Q - Q frequency difference 
but PQ and QR frequency difference. 
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Of the combination bands, the t wo bands app earing 
at 2943 cm-l (1571+1387 cm- 1) and at 2453 cm-l (1571+ 
892 cm- 1) are B-type bands. The overtone band at 
-1 1 2764 cm (2x1387 cm- ) is a distorted A-ty pe band 
(P-Q difference= 6.9 cm-land P-R difference= 12.3 cm- 1). 
The fundamental band at 1387 cm-l has the appearance of 
an A-type band. 
Some of the factors that can cause distortion 
1n the band contours are discussed below. 
1. When theoretical calculations are made of band 
contours, the rotational constants A, Band Care 
assumed to be the same in both the excited and the 
~ -<oO~ Y\ d. vibrational state. Allan and Cross 131 have 
shown that when the rotational constants change, the 
frequencies of Q branch in A, Band C ty pe bands shift 
to higher frequencies when (A'-A 11 ) is positive wh ere 
A' and A" are the excited and ground state rotat io nal 
constants, respectively. Also the transition frequencies 
-
of the P- and R-branches in A, B, and C t ype bands are 
determined by the rotational constant C's, and t he 
convergence or divergence of the P- and R-branches 
is determined by the difference between the C-values 
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in the two vibrational states. For the overtone 
at 2764 cm-l (2xl387 cm- 1) the vibrational quanta 
being two, a greater change in the rotational constants 
will be ex pected and this may give rise to a very 
distorted A-type band as was observed (see Fig.16). 
11. The band distortions may be caused by 
Coriolis forces. The Coriolis force acting 
on a body is given classically by Fe = 2 m v w Sin ¢ or a a 
where m 1s the mass of the body, v its velocity 
a a 
relative to the rotating axis system and ¢ is the 
angle between the axis of rotation and the direction 
of v and w the angular velocity of the co - ordinate 
a 
system with respect to a fixed co-ordinate system. 
A general rule 132 enables one to predict when t wo 
states can interact through a Coriolis cou plin g . 
Two vibrational states will couple through a Coriolis 
interaction if the direct product of the symmetry 
species of the two vibrational states contains a 
rotational s pecies. For example in nitromethane, 
they may be Coriolis cou pling between the N02 
asymmetric stretching vibration (1562 cm- 1) and the 
N0 2 symmetric stretching vibration (1390 cm-
1) sinc e 
the symmetries of the t wo modes satisfy t he above 
criterion. 
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iii. The band contours can also be distorted 
if the heavy atom skeleton CN0 2 of trideuteronitromethane 
is of Cs symmetry, inequivalent NO bonds. If the CN0 2 
system is of Cs symmetry, the axis of the minimum, 
principal moment of inertia will no longer be along 
the C-N axis and the CN stretching, N0 2 lower stretching 
and N0 2 scissoring will be in-plane polarized, that is 
hybrid AB bands. It is possible that the band at 
1387 cm- 1 , due to lower N0 2 stretching vibration, is 
a hybrid band (mostly A-type and some B-type). It 
is impossible to see the difference between a pure 
A-type band and an A-type slightly mixed with B-type 
band from just looking at the band contours (there 
will be very little difference in P-R separation 
frequencies). The overtone of the fundamental vibration 
at 1387 cm-l which is at 2764 cm-l may show the hybrid 
character (AB type band) of its rotational structure. 
The P-Q and Q-R frequency differences for this band 
-1 -1 
are 6.9 cm and 12.3 cm . 
Thus we can see that the band contours in the 
infra-red vapour spectra of the molecules of CH 3No 2 
and co 3No 2 in general agree with the band contours 
expected of these molecules if the CN0 2 heavy atom 
skeleton system is of c2v symmetry. 
As it is possible to have Cs symmetry for 
the heavy atom skeleton and yet only experience 
slight distortions to the band contours expected 
for a c2v structure, an analysis of the band 
contours alone is not necessarily sufficient 1n 
distinguishing between the two structures. 
This will only apply if in the case of the Cs 
structure the transition moment still lies 
approximately along the now rotated a-axis. 
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c. SUBSTITUTED NITROMETHANES 
For a mono-substituted nitromethane XCH 2No 2 
the energy barrier to internal rotation is not 
necessarily low, and rotational isomerism is possible. 
The preferred conformations are expected to be those 
in which either the X atom or an H atom eclipses an 
0 atom. 
X 
C~+N 
H//' H 
(36) 
/ 
-k 0 2 
-~ 0 2 
(37) 
The liquid-phase infra-red spectra indicate 
the presence of only one conformation for all the 
substituted nitromethanes here examined. The 
vapour-phase spectra are not altogether conclusive 
on this point, but the studies of deuterated as well 
as protiated chloro- and bromo-nitromethane have 
provided no evidence of an appreciable proportion of 
a second species in the gas-phase at room temperature. 
(Spectral measurements over a range of temperatures, 
which might have produced evidence of the presence of 
a minor species, have not been carried out.) 
) 
I 
l 
From the high values of the carbon-halogen 
stretching frequencies observed it is deduced that 
1n the predominant conformation a halogen eclipses 
an oxygen atom as in CH 2ClCOOH,
129 i·~· the 
monochloro and monobromo derivatives are of Cs 
symmetry. ( For ty pical relevant C-Cl and C-Br 
stretching frequencies, see refs. 29, 129, J30). 
1. CHLORONITROMETHANE CH 2ClN0 2 and CD 2ClN0 2 
The chloronitromethane molecule has fifteen 
fundamental vibrations, all allowed in both the 
infra-red and the Raman spectrum. Only thirteen 
frequencies have been observed (see Tables XXV and 
XXVI, and Figs. 23 to 26). The frequencies at 
-1 -1 -1 -1 3058 cm , 2986 cm , 1292 cm and 1191 cm in 
125 
the s pectrum of CH 2ClN0 2 vanish on deuteriation, and 
thus are due to CH 2 vibrations. The CH 2 antis ymmetric 
-1 
and symmetric stretc hing fre quencies are at 3058 cm 
and 2986 cm- 1 , res pectivel y ; on deuteration they are 
shifted to 2302 cm-land 2201 cm- 1 , res pe ctivel y. 
Among the bands the fre quencies of whi ch do not change 
appreciabl y on deuteration, those at 130 4 cm- 1 , 
-1 -1 896 cm and 830 cm in CH2Cl N0 2 are very in tense 
in the Raman s pectrum. The band at 1364 cm -l is due 
to the lower nitro stretching vibration, that at 
126 
TABLE XXV 
FREQUENCIES OF BAND MAXIMA IN INFRA-RED AND RAMA N 
SPECTRA OF MONOCHLORONITROMETHA NE (C H2ClN0 2) 
Assignment 
CH 2 asym. st 
CH 2 sym. st 
N0 2 Higher st 
N0 2 Lower st 
CH 2 sym be 
CH 2 twist 
CH 2 wag 
C-N st 
C- Cl st 
N0 2 i. p .be. 
CN0 2 sciss. 
CN02 o . p . be 
C- Cl i.p.be 
Band 
Type 
A* 
B* 
A 
I.R.Vapour 
-1 
cm 
299 8 
1590 
1361.9 
1425 
1285 
1187 
896 
840 
697 
600 
Int. 
v.v.w 
V. S 
s 
w 
m 
v.w 
v.v. w 
m 
w 
v.w 
Ii O th e r B a n d s i n I • R • S p e c t r a 
Va pour Phase 
Frequency 
2942 
2 70 8 
Assignment 
1590+1362 = 2952 
2x1362 = 2724 
I.R.Liquid 
-1 
cm 
3052 
2980 
1575 
1364 
1413 
1292 
1191 
896 
830 
688 
59 7 
440 
Int. 
0.09 
0.05 
1.20 
0.60 
0.20 
0.30 
0. 0 3 
0.01 
0.33 
0.09 
0.01 
0.001 
Raman Liquid 
-1 
cm 
1576 
1365 
1415 
1209 
900 
833 
678 
585 
434 
250 
Int. 
1 . 7 
6.0 
1 . 5 
0.04 
3.7 
2. 6 
0.4 
0.4 
4.1 
1 . 5 
Li quid Phase 
Frequ e ncy 
29 20 
2716 
Assignment 
1575+1364 = 2939 
2x1364 = 2728 
For abbreviations used, see page vii 
A*= Distorted A-typ e contour. 
B* = Distorted B-type contour 
II 
11 
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TABLE XXVI 
FREQUENCIES OF BAND MAXIMA IN INFRA-RED SPECTRUM OF 
DIDEUTEROCHLORONITROMETHANE (CD 2ClN0 2) 
Assignment Band type 
CO 2 asym. st 
CO 2 sym. st A 
N0 2 Higher st B* 
N0 2 Lower st A* 
CO 2 sciss. A* 
CO 2 twist A* 
C-N st 
C- Cl st B 
N0 2 i.p.be. 
CN0 2 sciss. 
CN0 2 i . p.be 
Other Bands 
-1 
cm 
2209 
1590 
1362 
10 54 
1024 
876 
773 
663 
565 
Int. 
v.w 
v.s 
s 
w 
m 
w 
m 
w 
v.v.w 
-1 
cm 
230 2 
2201 
1569 
1369 
1042 
1024 
881 
773 
652 
575 
428 
Int. 
0.05 
0.075 
1 . 5 
0.83 
0. 14 
0.5 
0.23 
0.32 
0.2 
0.04 
0.01 
Vapour Phase Liquid Phase 
Frequency 
29 36 
2712 
2460 
Assignment 
1590+1362=2952 
2xl362=2724 
1590+876 =2466 
Frequency 
2920 
2720 
2446 
Assignment 
1569+1368=2938 
2xl369=2738 
1569+881 =2450 
·- --------------------------
For abbreviations used, see page vii 
A*= Distorted A-type contour 
B* = Distorted B-type contour 
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896 cm-l 1s assigned to the C-N stretching vibration, 
and that at 830 cm-l to the C-Cl stretching vibration 
probably mixed appreciably with ONO scissoring. The 
other fundamentals due to the nitro grou p are at 
1575 cm- 1 (higher frequency N0 2 stretching vibration), 
688 cm-l (ONO nitro in-plane rocking), 572 cm-l 
(CN0 2 scissoring}, and 440 cm-l (CN0 2 out-of-plane 
wagging). (Based on the depolarization ratio reported 
in ref.97.) An intense band at 250 cm-l in the Raman 
spectrum which is very weak in the infra-red spectrum 
has been assigned to the C-Cl in-plane bending vibration. 
In the infra-red spectrum of chloronitromethane 
vapour few bands show pure contours; most bands have 
hybrid contours. The contours of corresponding bands 
are apt to differ a little between diprotio and 
dideutero derivatives. No deductions regarding 
structure or molecular shape can be made with any 
assurance from these contours. 
ii BROMONITROMETHANE CH 2BrN0 2 and CD 2BrN0 2 ; 
and CYANONITROMETHANE 
131 
The vibrational assignments for bromonitromethane 
(Table XXVII and XXVIII and Figs. 27 to 30), and those 
for cyanonitromethane (Table XXIX), readily follow 
from an analogy with those for chloronitromethane. 
In the vapour-phase infra-red spectrum there are 
sometimes distinct contour differences between 
corresponding bands of diprotiobromonitromethane 
and dideuterobromonitromethane. 
iii DICHLORONITROMETHANE and DIBROMONITROMETHANE 
The infra-red assignments for 
dichloronitromethane and dibromonitromethane 1n 
the liquid-phase are given in Table XXX. 
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TABLE XXVII 
INFRA-RED AND FREQUENCIES OF BAND MAXIMA IN 
RAMAN SPECTRA OF BROMONITROMETHANE (CH 2BrN0 2) 
I.R.Vapour I.R.Liquid Raman Liquid 
Assignment Band 
-1 cm-l -1 type cm Int. Int. cm 
CH 2 asym st 
30 35 0.27 
CH 2 sym st 3000 
v.v.w 29 86 0.13 
N0 2 Hi gh er st 1590 
v.s 1569 2 . 1 15 70 
N0 2 Lower st 1356 s 
1363 1 . 1 1365 
CH 2 sciss 1414 w 
1400 0.43 1406 
CH 2 twist A* 1254 m 
1258 0. 86 1259 
CH 2 was 116 5 v.w 
1163 0.17 1171 
CN st 900 v.w 901 0 . 19 908 
C-Br st A* 749 w 749 0.42 751 
N0 2 i. p .be. A* 679 w 
673 0.8 675 
N0 2 sciss. 552 v.w 
558 0.19 559 
N0 2 o . p.be 
39 2 0.05 39 2 
C-Br i.p.be 20 7 
For abbreviations used, see page v11 
A*= Distorted A-type contour 
Other Bands , n I. R. Spectra 
Vapour 
2930 1590 + 1356 = 2946 
2708 2 X 1356 = 2712 
Liquid 
2920 
2710 
1569 + 1363 = 
2 X 1363 = 
Int. 
2.5 
6.0 
0.05 
1 . 5 
0.05 
3.7 
. 6 
1 . 5 
0.2 
3.0 
1 . 7 
2932 
2726 
Ii 
L 
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TABLE XXV I I I 
FREQUENCIES OF BAND MAXIMA IN INFRA-RED SPECTRUM OF 
DIDEUTEROBROMONITROMETHA NE (CD 2BrN0 2) 
I.R.Vapour I.R. Liquid 
Assignment Band type cm-l Int. cm-l Int. 
CO 2 asym st 
2 304 0.05 
CO 2 sym st 2183 
v.w 2200 0.04 
N0 2 Higher st 
1580.4 s 1559 1 . 3 
N0 2 Lower st 
1357.2 m 1364 0.78 
CO 2 sciss A 1050 
v.w 10 33 0.06 
CO 2 twist 
996.5 w 99 3 0.3 
CN st 888 
a w 882 0.19 
CBr st 680 v.w 680 0.08 
N0 2 i.p.be. 647 
w 643 0.33 
CN0 2 sciss, 
534 0.03 
CN0 2 o.p.be 
394 0.005 
I.R. Spectra Other Bands 
Vapour Phase Liquid Phase 
Frequency 
29 38 
270 3 
Assignment 
1580+1357 = 2937 
2x1357 = 2714 
Frequency Assignment 
2902 1559+1364 = 2923 
2716 2xl364 = 2728 
For abbreviations used, see page vii 
a May be overlap ped by co 2 wagging. 
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TABLE XXIX 
FREQUENCIES OF BAND MAXIMA IN INFRA-RED SPECTRUM OF 
CYANONITROMETHANE IN THE LIQUID PHASE (cm- 1) 
Assignment 
CH 2 asym st 
CH 2 sym 
C=.N st 
N0 2 asym st 
N0 2 sym st 
CH 2 SClSS 
CH 2 twist 
CH 2 wag 
C-C-N p . a. s st 
C-C-N p . s . st 
CH 2 rock 
CN0 2 i.p.be. 
CN0 2 sciss. 
CN0 2 o.p.be 
NCC scis~-
Other Bands 
Frequency 
2926 
2 710 
Frequency 
3008 
29 59 
2237 
1578 
1360 
140 8 
1305 
1142 
973 
900 
720 
687 
576 
495 
390 
Assignment 
1579+1360 = 2939 
2x1360 = 2720 
For abbreviations used, see page vii 
Intensity 
0.24 
0.22 
0.03 
1 . 7 
0.88 
0.3 
0.27 
0.10 
0.12 
0. 16 
0. 19 
0.25 
0.03 
0.06 
0.03 
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TABLE XXX 
FREQUENCIES OF BAND MAXIMA IN THE INFRA-RED SPECTRA OF 
DICHLORO- AND DIBROMO-NITROMETHANE IN THE LIQUID PHASE 
Assignment 
CH st 
N0 2 asym. st 
N0 2 sym. st 
CH be. 
CN st. 
cx 2 asym. st. 
CX 2 sym. st. 
N0 2 i.p.be. 
N0 2 sciss. 
N0 2 o.p.be 
Other Bands , n 
CHC1 2No 2 
-1 cm Int. 
3126 .29 
1590 1 . 8 
1342 .85 
12 32 .58 
900 . 1 
851 1.4 
791 . 5 
69 8 .62 
620 . 1 
431 . 0 4 
the I . R . Spectra 
CHC1 2No 2 
CHBr 2NO 
Cm - l I t n . 
3036 . 1 
1578 . 9 
1332 . 4 
1216 .15 
1150 . 1 1 
879 .05 
791 .43 
673 .25 
673 I . 
6 20 . 0 7 
CHBr 2No 2 
Frequency Assignment Frequency Assignment 
2918 1590+1342 = 29 32 2898 1578+1332 = 2910 
2678 2x1342 = 2684 2656 2x1332 = 2664 
2x1232 = 2464 2430 2x1216 = 2432 2420 1590+851 = 2441 229 8 2x1150 = 2300 
For abbreviations used, see page vii 
PART III 
THE INFRA-RED SPECTRA OF SALTS 
OF NITROMETHANE AND SOME OF ITS 
DERIVATIVES 
138 
SUMMARY OF PART III 
The infra-red spectra of the following salts 
- + 
of nitromethanes have been determined: CH 2No 2 Na , 
- + - + - + CD 2No 2 Na , ClCHN0 2 Na , ClDCN0 2 Na , 
- + BrCHN0 2 Na , 
- + - + - + BrDCN0 2 Na , CH 2No 2 K, ClHCN0 2 K, 
( -) ++ ( -) ++ CH 2No 2 2ca , ClHCN0 2 2ca and 
- + BrHCN0 2 K, 
( -) ++ BrHCN0 2 2ca . 
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Complete band assignments have been made for the anions. 
The frequency of the very intense infra-red band 
near 1200 cm- 1 , attributed to the antisymmetric ONO 
stretching vibration, decreases as the mass of the 
substituent within the anion increases. The frequency 
of the second strong infra-red band near 1000 cm-land 
due to symmetric ONO stretching, increases with the 
increase in the polar effect of the substituent. 
The two stretching frequencies of the nitronate 
group do not change when the mass of the cation is 
changed while the charge is kept constant. The two 
stretching frequencies of the nitronate group are 
decreased when the charge on the cation is doubled 
while the mass remains almost constant. 
Thus, environmental changes that affect the ONO 
stretching frequencies may or may not affect the t wo 
frequencies in roughly the same manner. 
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CHAPTER H 
INTRODUCTION 
Nitroparaffins form salts in the presence of 
alkalis. When acid is added to the sodium salt of 
nitromethane, the compound first formed is a tautomer 
of nitromethane, the so-called aci form (39). This 
readily rearranges by the migration of the mobile 
hydrogen atom, to nitromethane (38). One would 
therefore expect the anion of the nitromethane to 
have the nitronate structure ( 4 0 ) . 
H'\_ +/ H / OH H / 0 +N +N 
H/t N 
-:::,.._ C C "'--
0 H/ 0 H/ H 
( 3 8) (39 ) (4 0 ) 
The alternative structure for the anion, (41) , 
with a pyramidal CH 2 grou p has been put forward by 
H 
+/ 
- --N 
' 
~-0 2 
0 
Yarwood and Orville-Thomas, 91 but the Raman spectrum 
of the sodium salt of nitropropane (see below) is 
incompatible with this idea. On the grounds of 
electronegativity it is hard to conceive that the 
negative charge would reside on carbon in preference 
to oxygen. The two valence bond structures that 
contribute to the structure (41), which have Cs 
symmetry are likewise less acceptable on the ground 
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of electronegativity. The correctness of the generally 
accepted structure (39), will be taken for granted here. 
For the sodium salt of nitropro pane Mathieu et ~; 33 
observed an intense Raman band at 1586 cm-l which is 
fairly strongly polarised (p = 0.23). This cannot 
be due to a nitro group; the N0 2 stretching band near 
1560 cm-l in nitroalkanes has a low intensity in the 
Raman spectrum and is depolarised or onl y weakly 
polarised. The Raman band due to the N0 2 stretching 
vibration near 1390 cm-l in nitroalkanes is al ways 
much more intense than that near 1560 cm-l (cf. Table 
XX I I I) . No corresponding band was observed by Mathieu 
d M . 133 h h f . d h . an ass1gnon, wot ere ore ass1gne t e n1tropropane 
anion frequency of 1586 cm-l to C=N stretchin g. 
Little attention 91 ' 133 - 136 has been given to 
the infra-red spectra of the salts of nitroparaffins. 
Mathieu and Massignon 133 reported that the intense 
infra-red bands in the region of 1560 cm-land 
1360 cm- 1 , which arise from the stretching vibrations 
of the nitro group in nitromethane and nitropropane, 
were absent in the spectra of their sodium salts. 
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The first complete band assignment for the sodium salts 
of nitromethane and 2-nitropropane was made by 
Jonathan. 136 He assigned the doublet bands at 
-1 -1 -1 1277 cm and 1262 cm , and 1031 and 1019 cm , to 
the stretching vibrations of the N0 2 group in the 
nitromethane anion. 
Various different assignments have appeared for 
these two vibrations. Yarwood and Orville-Thomas 91 
-1 -1 have assigned the bands at 1572 cm , and 1279 cm 
and 1263 cm-l to the antisymmetric and the symmetric 
ONO stretching vibration in the sodium salt of 
nitromethane. Baczkowski and Urbanski 134 have 
attributed only one band, at about 1170 cm- 1 , to the 
N + 0 stretching vibration in sodium nitroparaffins, 
while Feuer et al 135 have assigned the bands at 
1316-1205 cm- 1 and 1175-1040 cm-l to the ONO 
asymmetric and symmetric frequencies of the 
nitroparaffin ion, respectively. 
The anions of nitroalkanes contain an N0 2 grou p 
which undoubtedly possesses c2v symmetry. 
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Nitromethane ions containing substituents are therefore 
good reference com pounds in relation to studies of the 
effects of substituents on the N0 2 stretching 
frequencies in neutral nitromethanes, such as have 
been reported in Part II of this thesis. As it was 
essential for this study to have correct assignments 
of the ONO stretching frequencies, several deuterated 
• h b • d J th I • t 136 anions ave een examine . ona ans assi gnmen s 
were in agreement with those given previously. Since 
the completion of the work in this thesis, Jonathan 
et~ 137 , 138 have published results giving different 
assignments for the symmetric N0 2 stretchin g fre quencies 
As their assi gnments 
are based on the Raman and the infra-red s pe ctra , the 
assignments given here have been changed accordin gly. 
CHAPTER I 
EXPERIMENTAL 
PREPARATION OF SODIUM SALTS OF NITROMETHANES 
All the sodium salts except that of iodonitro-
139 
methane were prepared by Nef 1 s method. The 
preparations of the nitromethane derivatives used 
have been described ,n Chapter E. To the pure 
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nitromethane dissolved in about 10 times the quantity 
of anhydrous ethanol (obtained by Vogel I s method 140 ), 
was added the stoichiometric quantity of sodium 
ethoxide, made by dissolving one equivalent of sodium 
metal in about five times its weight of anhydrous 
ethanol. The reactions were carried out at o0 c. 
The precipitates of the salts were filtered, washed 
first with ethanol-ether mixture, and then with dry 
ether, and dried in vacuo. All the preparative 
work was carried out ,n a dry box. 
The sodium salt of dibromonitromethane decomposes 
at an appreciable rate at the temperature of the 
spectrometer; its spectrum was therefore run 1n 
portions; only the main bands, which are unambiguously 
assignable, are reported here. 
The sodium salt of dichloronitromethane could 
not be prepared. 
l:r_g_paration of Sodium Iodonitromethane 
Iodonitromethane used for the preparation 
of its salt was prepared by Nenitzescu and 
Isacescu's method. 141 
6.1 gm. of nitromethane, dissolved in 50 ml. of 
2 normal sodium hydroxide, at o0 c, was added to 
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150 ml. of potassium iodide-iodine solution containin g 
18 gm. of iodine at o0 c. A layer of light yellow 
liquid was separated by extraction with 60 ml. of 
ether. The ether layer was dried with anhydrous 
magnesium sulphate. To this ether layer was added 
20 ml. of ethanol in which O. 6 gm. of sodium had been 
dissolved. The precipitate of sodio iodonitromethane 
was filtered off, washed first with ether-ethanol 
solution and then with ether onl y . The pre paration 
of this sodium salt was carried out in a dry box. 
Preparation of Potassium Nitromethanes 
Potassium salts of nitromethane, chloronitromethane 
and bromonitromethane were prepared by the same method 
as used for the corres ponding sodium salts, potassium 
ethoxide being used in place of sodium ethoxide. The 
potassium salt of bromonitromet hane is unsta ble at 
room temperature and starts decomposing as soon as 
the tem perature goes above zero degree. Its s pe ctrum 
146 
was run very rapidly, in portions, and repeated many 
times to distinguish the original fundamentals from 
the bands due to decomposition product. As the ONO 
bands are sharp and intense, there is good ground for 
confidence in the accuracy of their frequencies. 
Preparation of Calcium Salts of Nitromethanes 
10 gm. of calcium hydride (Fluka A.R) was refluxed 
with 100 ml. of ethanol for 24 hours. A further 150 ml. 
ethanol was added, and the mixture was shaken well and 
filtered. To the filtrate (a dilute solution of 
calcium ethoxide), excess nitromethane was added. 
The solution was left to stand for 24 hours, as the 
salt formation is rather slow. The calcium nitromethane 
was precipitated by the addition of dry ether. The 
precipitate was filtered off and dried in vacuo. 
The calcium salts of chloronitromethane and 
bromonitromethane were also prepared in the same way. 
In these cases, however, the neutralisation was very 
rapid; after precipitation by the addition of dry ether, 
the calcium salts were filtered off. All salts were 
washed with dry ether-ethanol mixture and the n dry 
ether only, and then dried 1n vacuo. 
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SPECTRA 
The spectra of the salts were taken in sus pension 
in a Nujol mull, and in a fluorolube mull, and, where 
possible, as the solids dis persed in potassium bromide. 
The instrument used was a Perkin-Elmer model 621 dual 
grating spectrophotometer. Mulls were placed between 
thallium bromide-iodide, or potassium bromide, or 
sodium chloride plates. As the salts were very 
hy grosco pic and liable to be decom posed by moisture, 
the y were handled in a dry box throughout, exce pt 
for the actual scanning of the s pectrum. 
All attem pts to take the Raman s pectra of th e 
salts failed, as the solutions of the salts in water 
turned yellow. (No data have been re ported for the 
Raman spectra of an y of the salts examined here.) 
RESULTS AND DISCUSSION 
a. INFRA-RED SPECTRA AND BAND ASSIGNMENTS FOR THE 
SODIUM SALTS OF NITROMETHANE AND ITS DERIVATIVES 
, . Infra-red Spectra and Band Assignments for the 
Two Isotopic species of Sodio Nitromethane 
- + - + H2C=N0 2Na and D2C=N0 2Na 
The spectra obtained are given in Tab1e XXXII 
and in Figs. 31, 32, and 33. 
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There are six atoms in the nitromethane anion and 
it should give rise to twelve fundamental vibrations 
,n the infra-red spectrum. But by virtue of its c2v 
symmetry, this anion should show only eleven fundamental 
vibration in the infra-red spectrum (see Table XXXI, 
the t welfth vibration which belongs to the a2 species, 
is not allowed in the infra-red. 
TABLE XXXI 
SYMMETRY SPECIES OF THE MODES 
OF VIBRATION OF THE ION H2C=N0 2 
Species Vibrational motion 
al HCH symmetric stretching 
al ONO symmetric stretching 
al C=N stretching 
al ONO scissoring 
al HCH scissoring 
a2 CH 2/N0 2 twisting 
bl HCH asymmetric stretching 
bl ONO asymmetric stretching 
bl CH 2 in-plane rocking 
bl N0 2 in-plane rocking 
b2 CH 2 out-of-plane wagging 
b2 N0 2 out-of-plane 
. 
wagging 
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TABLE XXXII 
INFRA-RED SPECTRA AND VIBRATIONAL FREQUENCY ASSIGNMENT OF SODIO NITROMETHANE 
- + - + ( -1) H2C=N0 2Na and D2C=N0 2Na Frequency in cm 
- + - + H2C=N0 2Na 
D2C=N0 2Na 
Assignment in KB r Nujol Mull Fluorolube Mull Nujol Mul 1 
-1 Int. -1 Int. 
-1 Int. cm-l Int. cm cm cm 
HCH asym.st. 2925 0.02 
2316 0.015 
HCH sym.st. 2842 0.01 
2240 0.015 
C=N st. 1573 1 . 2 1579 0.7 1578 0.50 
1558 0.29 
CH 2 sciss. 1442 
0.45 1442 0.150 1112 0.05 or (1206) 
ONO asym.st. {1275 1.30 1277 
1.30 1277 1235 1.30 
{1262 1.35 1261 1.50 1262 1221 1.10 
CH 2 rock. 
{1030 1.10 10 32 1.20 884 0. 82 
{ 1019 1. 15 1019 1.35 874 0.91 
ONO sym. st. 983 0.89 983 0.72 
907 0.17 
N0 2 wag. 735 
0.74 738 0.90 728 0.64 
689 691 0.23 544 
CH 2 wag. 
0. 2 4 0.20 
678 680 534 
N0 2 sciss. 649 
0.05 651 0.03 639 0.015 
NO ') roc k. 540 0.02 540 0.02 ...... CJ1 
0 
TABLE XXXII 
(page 2) 
Other Bands in I.R. Spectrum 
- + - + H2C=N0 2Na 
D2C=N0 2Na 
Fluorolube 
KB r Nujol Mul 1 Mull Nujol Mul 1 
Freq. Int. Freq. Int. Freq. Int. Assignment Freq. Int. 
Assignment 
2584 0.01 2590 0.01 2584 0.01 1573+1025:=2598 2122 0.02 
1228+907=2135 
2524 0.03 2524 0.01 2524 0.01 2xl270=2540 1910 0.01 
1228+728=1956 
2300 0.03 2300 0.02 2300 0.01 1573+735 =2310 1778 0.02 
907+874=1783 
or 2xll62=2324 1532 0.08 884+639=1523 
2240 0.02 2240 0.02 2440 0.02 1270+983 =2253 1316 0.04 
728+639=1352 
2058 0.02 2059 0.01 2059 0.01 2x1030=2060 1206 0.01 
199 5 0.04 199 3 0.04 1992 0.04 983+1025=2008 
1653 
1619 1619 0.11 1619 0.08 983+639=1632 
1162 0.33 1162 0.8 1600 0.0 
1479 0.0 2x735=1470 
For abbreviations used, see page vii. I--' u, 
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The two very weak bands at 2925 cm-land 
2842 cm-l can be assigned without an y doubt to the 
two stretching vibrations of the CH 2 grou p of th e 
155 
nitromethane anion. On deuteration these fre quencies 
appear at 2316 cm-land 2240 cm-l res pectivel y . The 
frequency at 1578 cm-l in the sodium salt of nitro -
methane which appears at 1558 cm-l in CD 2N0 2Na+ is 
due to the C=N stretching vibration. In com pounds 
like alkyl imines and oximes 142 the C=N stretching 
frequency is usually observed in t he re gion 1680 cm-l 
to 1620 cm- 1 . However the C=N stretching fre quency 
varies greatl y and a range of 1680-1510 cm - l has been 
quoted. 126 The fact that this fre quency app ears 
regularl y in this region in the s pectra of the chloro -
and bromo- nitromethane anions (this work) an d other 
nitroparaffin anions 135 ,i 37 , 138 confirms th i s 
assi gnment. The Raman-s pectral intensity for the 
sodium salt of nitromethane 137 , 138 and the Raman 
s pectral depolarization ratios re ported by Math i eu 
d M . 133 f h d
0 1 f . an ass1gnon or t e so ,um sat o n, t ro pro pane 
(0.23) also su pport this assignm ent. 
The very intense doublet at 1277 cm-land 
1262 cm-l in the infra - red s pectrum of th e sod i um s a l t 
of nitromethane has been assi gned to t he as ym metr i c 
stretchin g fre quency of th e N02 grou p . 
. 
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the N0 2 asymmetric stretching fre quency is a very 
-1 -1 
strong doub1et at 1235 cm and 1221 cm . The 
Raman spectral intensities as reported by Jonathan 
137 et~ show very clearly that the N0 2 symmetric 
stretching band in the sodium salt of the nitromethane 
is at 983 cm- 1 (and not at 1013 cm-land 1019 cm-las 
reported previously 137 ). In co 2No 2 , the N0 2 
symmetric stretching band is at 907 cm-l (and not at 
874 cm-las re ported previousl y 137 ). The doublet 
at 1031 cm-land 1019 cm-l which 1s intense in the 
infra-red spectrum, is very weak in the Raman s pectrum, 
and so had to be assigned to the CH 2 rocking mode, and 
this band is at 884 cm-land 874 cm-l in case of 
The remainder of the assi gnment is straight forward 
from comparisons of the spectra of the deuterated and 
non-deuterated salts. The N0 2 wagging mode which i s 
k . th R t 137 . t 738 -l . very wea 1n e aman s pec ra 1s a cm 1n 
CH 2=N0 2 and at 728 cm-l in co 2=N0 2 and N0 2 scissor i ng 
is 649 cm-l in CH 2No 2 and at 639 in co 2No 2. The 
-1 band at 540 cm in H2C=N0 2 could be due to N0 2 roc ki ng . 
(This band could not be detected in case of co 2No 2.) 
These assignments can be checked very satisfactor i l y 
by the Teller-Redlich produce rule. 
. 
The Teller-Redlich rule 92 b states that for 
two isotopic molecules, the product of the w(i); 
values for all vibrations of a given symmetry is 
w 
independent of the potential constants and de pends 
only on the masses of the atoms and the geometrical 
structure of the molecule. 
for any molecule ,s 
( i ) 
The general formula 
( i ) 
w2 wf 
wf = 
m a ( _l ) 
w2 
X 
( i ) 
ml 
oz 
here all the quantities referring to the isotopic 
molecule are marked by superscript (i) while the 
quantities referring to the "ordinary" molecule do 
not have this superscript; w2 , w2 -- wf are the 
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zero order frequencies of the f genuine vibrations 
of the symmetry type considered; m1 , m2 --- are the 
masses of the representative atoms of the various sets. 
The exponents a and Sare the numbers of vibrations 
which each set of equivalent atoms contributes to the 
. 
symmetry species under consideration. M is the 
total mass of the molecule; t is the number of 
translations of the symmetry species considered. 
IA' 18 , le, are the moments of inertia about the 
X, Y, and Z axes through the centre of mass, 
ox, oy, and oz are 1 or 0, depending on whether 
or not the rotation about the X, Y and Z axis is 
158 
a non-genuine vibration of the symmetry type considered. 
Assuming that the C=N and N-0 bond lengths in 
the nitromethane anion are 1.32 A0 and 1.29 A0 , 
respectively, and the angles HCH and ONO are 120° and 
115°, respectively, the moments of inertia of the 
H2C=N0 2 anion and the o2C=N0 2 anion of c2v symmetry 
have been calculated. The values of these moments 
of inertia, and other quantities required, are given 
,n Table XXXIII, which lists the theoreticall y 
calculated product ratios for the various classes 
of vibrations. The final column in the Table lists 
the "experimental" product ratios obtained with the 
assignments made above. 
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TABLE XXXIII 
THEORETICAL AND 11 EXPERIMENTAL 11 PRODUCT RATIOS FOR 
THE VIBRATIONS OF H2C=N02 AND D2C=N02 OF c2v SYMMETRY, 
AND QUANTITIES USED IN THE CALCULATION OF THE FORMER 
Product Ratio 
Species t cS I Theory Exper. 
al 2 1 0 0.51 0.55 
bl 2 1 1 84.9 100.5 0.54 0.62 
a2 1 0 1 39.7 41.5 0.735 o. 14 
b2 1 1 1 34.5 60.0 0.78 0.78 
ii Infra-red Spectra and Band Assignments for the 
Two Isotopic Species of Sodio Chloronitromethane 
- + - + ClHC=N0 2Na and C1DC=N0 2Na 
The spectra are given in Table XXXIV and 1n 
Figs.34 and 35. 
The chloronitromethane anion has Cs symme try. 
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There are six atoms in it and, hence, t welve 
fundamental vibrational frequencies; all of these are 
allowed in the infra-red spectrum. Out of these 
twelve, only ten fundamental frequencies have been 
observed. The two missing frequencies which can be 
assigned to the in-plane and out-of-plane bending 
modes of C-Cl, are probably of low intensity and occur 
1n the region where the s pectra obtained are poor. 
The assignment of the fre quencies is gi ven in 
-1 -Table XXXIV. The band at 3139 cm in the ClHC=N0 2 
spectrum is clearly due to the C-H stretching vibration ; 
in the deuterated anion it shifts to 2344 cm - l The 
-1 -band at 1562 cm in ClHC=N0 2 is assigned to C= N 
stretching. The two very intense bands at 1160 cm -1 
and 1011 cm-l have to be assi gn ed to the N0 2 asymmetric 
and symmetric stretching vibrations in ClHC= N0 2, 
respectively. In H2C=N0 2, the N0 2 asymmetric band 
. 
TABLE XXXIV 
INFRA-RED SPECTRA AND VIBRATIONAL FREQUENCY 
ASSIGNMENTS OF SODIO CHLORONITROMETHANE AND 
SODIO DIDEUTEROCHLORONITROMETHANE 
- + N -N + ClHC=N0 2Na and ClDC= o2 a 
Assignment 
CH st. 
C=N st. 
CH i .p.be. 
N0 2 asym. st. 
N0 2 sym. st. 
C-Cl st. 
N0 2 wag. 
N0 2 sciss. 
CH o.p.be. 
N0 2 rocking 
- + ClHC=N0 2Na 
in KBr 
-1 
cm 
3139 
1562 
1290 
1160 
1011 
876 
6 76 
667 
620 
481 
Int. 
0.32 
1.10 
0.70 
1.70 
1.30 
0.65 
0.70 
0.08 
0.40 
0.04 
Other Bands in I. R. Spectrum 
- + ClHC=N0 2Na 
in KBr 
Freq. Int. Assignment 
- + C1DC=N0 2Na 
Nujol Mull 
-1 
cm 
2344 
1558 
909 
1228 
1057 
1079 
79 7 
675 
666 
482 
Int. 
0. 0 4 
0.22 
0.58 
1.20 
0.43 
0.72 
0.14 
0.30 
0.06 
0. 17 
- + ClDC=N0 2Na 
Nujol Mul 1 
161 
2322 0.01 
2160 0.01 
1653 
2xll60=2320 2320 0.005 1558+797 =2358 
1011+1160=2271 2280 0.005 1228+1068=2290 
1592 0.03 2x 797=1594 
1610 0.01 1011+620 =1631 1167 0.07 due to the 
presence of a small amount of 
ClHC=N0 2Na+ 
For abbreviations used, see pag e vii. 
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-1 1s at 1270 cm , but this frequency is raised as a 
result of mixing with CH 2 rocking, and in o2C=N0 2 
-1 · -1 it is only 1229 cm . However, 1160 cm in 
ClHC=N0 2 is rather lower than one might have expected, 
and it seemed likely that this is the result of mixing 
of ONO stretching with the C-H in-plane bending mode. 
That this is in fact so, was confirmed by an 
examination of CDC1N0 2 which does show the ONO 
-1 
asymmetric band at 1228 cm . 
In CDC1N0 2, the C-D in-plane bending vibration 
mixes with the ONO symmetric stretching vibration. 
This causes an increase in the ONO symmetric stretching 
frequency, which appears as a doublet at 1079 cm-land 
1057 cm- 1 , and a corresponding decrease in the C-D 
in-plane bending frequency to 909 cm- 1 , (the counter-
part of which in ClHC=N0 2 is at 1290 cm- 1). The band 
at 876 cm-l in CHC1N0 2 is due to a vibration that 
entails a large amount of C-Cl stretch. This 
relatively high frequency is in part due to mixing 
with the ONO scissoring vibration. In CDC1N0 2 
the frequency is lowered to 797 crn- 1 . The corresponding 
C-Hal stretch vibrations in CHBrN0 2 and CHIN0 2 are 
at 803 cm-land 753 cm- 1 , respectively. 
The bands at 676 cm- 1 , 664 cm-land 481 cm-l are 
assigned to the wagging, scissoring and rocking modes 
of the ONO group res pectively. The C-H out-of- plane 
bending frequency is at 620 cm-l which on deuteration 
shifts to 481 cm- 1 . It is suggested that in CDC1N0 2 
the band at 481 cm-l is due to two fundamental 
frequencies, the C-0 out-of-plane bending mode, and 
the rocking vi bration of the N0 2 group. 
rocking frequency does not change appreciably on 
deuteration in the spectra of CHBrN0 2 and CDBrN0 2 
(from 422 cm-l to 420 cm-l respectively); in the 
latter ion the C-0 out-of- plane bending frequency 
is at 478 cm- 1 . 
iii Infra-red Sp e ctra and Band Assignments for the 
Two Isotopic Species of Sodio Bromonitromethane 
- + -BrHC=N0 2Na and BrDC=N0 2 and of Sodio 
- + Iodonitromethane IHC=N0 2Na 
164 
The s pectra of sodio bromonitromethane and sodio 
deuterobromonitromethane are given 1n Figs. 36 to 38. 
and the band assignments are given in Table XXXV ; 
those for sodio iodonitromethane appear in Table XXXVI 
and Fig. 39. The band assignments for the anions 
BrHC=N02 and IHC=N0 2 follo w from com parison and 
analogy wi th those for ClHC=N0 2, and those for 
BrDC=N0 2 follow from those for ClDC=N0 2 . 
• 
II 
I 
16 5 
TABLE XXXV 
INFRA-RED SPECTRA AND VIBRATIONAL FREQUENCY ASSIGNMENT 
OF SODIO BROMONITROMETHANE AND DEUTEROBROMONITROMETHANE 
- + - + BrHC=N0 2 Na AND BrDC=N0 2 Na 
BrHC=N0 2 
-
+ - + Na BrDC=N0 2 Na 
1 n KBr N uj o 1 Mull Nujol Mu 11 
-1 -1 -1 Assignment cm Int. cm Int. cm Int. 
CH st 3126 0.30 3130 0.27 2334 0.14 
C=N st 1550 1. 0 1553 1.10 1548 0.50 
CH i.p.be 1278 0.65 1280 0.60 899 0.41 
N0 2 asym st 1146 1 . 7 1146 
1.40 1219 0. 80 
N0 2 sym st 100 3 0. 85 100 6 
0. 80 105 8 0.48 1038 
CBr st 802 0.58 803 0.55 728 0.17 
N0 2 wag . 676 0.60 677 
0.53 676 0.27 
N0 2 sc is s. 662 0.06 
664 0.06 659 0.06 
CH o.p.be 635 0.40 631 0.36 478 0.18 
N0 2 r ocking 420 0.04 422 
0.04 420 0.02 
-Other 
Freq. 
2282 
2125 
160 8 
1532 
Bands 1 n I . R. 
TABLE XXXV 
(page 2) 
Spectrum 
- + BrHC=N0 2 Na 
Nujol Mull 
Int. Assignment 
0.03 2x1146=2292 
0.02 1006+1146=2152 
0. 0 8 1003+635 =1638 
0.04 1146+420 =1566? 
Freq. 
1561 
152 8 
1150 
950 
For abbrev i at ions used, see page vii . 
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BrDC=N0 2-Na 
+ 
Nujol Mull 
Int. Assignment 
0.02 899+676=1575 
0.02 1054+478=1532 
0.09 Due to 
BrHC=N02 + a 
0.03 2x478=956 
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TABLE XXXVI 
INFRA-RED SPECTRUM AND VIBRATIONAL FREQUENCY ASSIGNMENT 
- + FOR SODIO IODONITROMETHANE IHC=N0 2 Na 
Assignment 
CH st 
C=N st 
CH i .p.be 
N0 2 asym st 
N0 2 sym st 
C-I st 
N0 2 wag. 
N0 2 sciss. 
CH o.p.be 
Other Bands in 
Frequency 
2250 
2108 
1640 
1606 
150 3 
1050 
I . R. 
Nujol Mull 
-1 cm Intensity 
3100 0.33 
1543 0.60 
1268 0.41 
1130 1.00 
1000 0.60 
753 0.19 
679 0.42 
658 0.06 
643 0.24 
Spectrum 
Intensity Assignment 
0.02 1268 + 1000 = 2268 
0.01 1130 + 1000 = 2 2 30 
0.04 1000 + 643 = 1643 
0.05 
0.05 
0.03 
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b. EFFECT OF SUBSTITUENTS ON THE N0 2 GROUP STRETCHI NG 
FREQUENCIES OF THE NITROMETHANE ANION AND 
SUBSTITUTED NITROMETHANE ANIONS 
The asymmetric and the symmetric stretching 
frequencies of the N0 2 group in the nitromethane anion 
and substituted nitromethane anions are given in 
Table XXXVII. 
The ONO stretching frequencies of the nitronate 
grouping differ profoundly from the OSO stretching 
fre quencies of sul phones and the HNH stretchin g 
frequencies of the amines. The latter two are 
(a) raised by electron-withdrawing substituents and 
(b) the vibrations are localized to a high degree 
(like, e.g. carbonyl stretching vibrations); for 
example, the masses of remote substituents hardl y 
affect them. 
The ONO stretching frequencies of the nitronate 
grouping show a strong tendency to be affected as a 
result of mixing of vibrations. For the nitronate 
ions examined here it is easy to pick out the cases 
in which an ONO stretching strongly mixes with other 
vibrations and those in which it is fairl y pu re. 
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TABLE XXXVII 
ANTISYMMETRIC AND SYMMETRIC ONO STRETCHING FREQUENCIES 
IN THE SODIUM SALTS OF NITROMETHANES (cm- 1) 
Anion P. Asym st M. asym st P. sym st M. sym st 
H2C=N0 2 {1277 984 1262 
D2C=N0 2 {1235 1221 
ClHC=N0 2 1160 1011 
BrHC=N02 1147 1005 
IHC=N0 2 1130 1000 
ClDC=N0 2 1228 
BrDC=N0 2 1219 
Br 2C=N0 2 1206 1021 
P. stands for pure or fairly pure vibration 
and 
M. for mixed vibration. 
907 
{1076 
1054 
{1059 
1037 
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In the protiated monohalogenated nitromethane 
anions, the ONO stretching motion of higher fre quency 
always mixes with a CH in-plane-bending motion, but 
that of lower frequency is fairly pure (though there 
may be appreciable mixing with ONO scissoring). In 
the deuterated ions the ONO stretching vibration of 
lower frequency mixes strongly with CD in-plane-
bending, but that of higher frequency is fairly pure. 
Only in dibromonitromethane anion (the only hydrogen-
free anion here examined) are both stretching 
vibrations fairly pure. 
In Table XXXVII the date for the ONO stretching 
frequencies are presented accordingly. The lower 
ONO stretching frequency seems to be raised by the 
increase in the polar effects of the substituents, 
though this is quite small. The higher ONO stretching 
frequency is lowered as the mass of the substituents 
is increased. Thus when the data are properly analysed, 
it is clear that the two ONO stretching fre quencies in 
nitromethane anions do not show the parallelism in 
behaviour to that of the two so 2 stretching frequencies 
of so 2 group of RS0 2R' and the t wo NH 2 stretching 
frequencies of NH 2 group in amines. This points out 
clearly that one should be very careful in drawing 
conclusions similar to those of isolated vibrations, 
when the frequencies considered may be assigned to a 
mixture of group vibrations. 
c EFFECT OF A CHANGE OF COUNTER-CATION ON THE ONO 
STRETCHING FREQUENCIES OF NITROMETHANE ANIONS 
i. Effect of Changing the Mass of the Cation 
while keeping the Charge constant. 
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In the salts examined (Table XXXVIII) the two 
ONO stretching frequencies of the nitromethane anions 
are scarcely affected by the replacement of sodium 
by potassium as the counter-cation. (If there is a 
mass effect is must be offset by an opposing effect 
that could arise from a possible change in the 
crystal structure.) 
ii. Effect of Changing the Charge on Cation 
while keeping the Mass almost constant 
In the examples examined both the stretching 
frequencies of the nitronate group in nitromethane 
anions are lowered when calcium replaces potassium 
as the counter-cation, i-~· when the charge of the 
cation is increased (see Table XXXVIII). 
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TABLE XXXVIII 
ANTISYMMETRIC AND SYMMETRIC ONO STRETCHING FREQUENCIES 
OF NITROMETHANE ANIONS WITH DIFFERENT CATIONS (cm- 1) 
ClHC=N0 2 
BrHC=N0 2 
Antisym. st. fre. 
Na+ K+ Ca++ 
1277 
1262 
1160 
1146 
12 70 
1160 
1146 
1265 
1140 
1120 
Sym. st. fre. 
983 962 958 
1011 1009 1010 
1005 1005 998 
CONCLUSIONS. 
Thus we can say that if a group XY 2 has a 
symmetrical structure, it is difficult to predict 
the behaviour of the two stretching fre quencies. 
With the change in polar effects (or mass) the 
stretching force constants shift in the sa me 
direction but the t wo stretching fre quencies ma y 
go in different directions. In the carboxy late 
ion group CO 2, the higher stretching fre quency is 
lowered by the increase in the 
charge of the cation while the lower CO 2 stretching 
frequenc y is raised by the increase in the charge 
of the cation. Also in the nitro grou p of the 
nitromethane, the higher N0 2 stretching fre que ncy 
is affected by the substituents in one direct i on 
while the lower N0 2 stretching fre quency i s 
affected in the ot her direction. Alt hou gh the 
behaviour of the carboxy late 10n grou p an d the 
nitro grou p can be ex plai ned in terms of bot h c2v 
symme try and C symmetry for these grou ps, the 
s 
other ex peri mental evidence such as the i nfra - red 
177 
frequencies, the Raman intensities, the Raman 
depolarization ratios, X-ray diffraction, 
electron diffraction and isotopic substitution, 
overwhelmingly supports the more symmetrical 
structure. 
The infra-red vapour spectra band contours of 
CH 3No 2 and co 3No 2 although not absolute in 
indicating the c2v structure (distortion in the 
band contours may be due to a number of reasons) 
strongly favour the c2v symmetry of the N0 2 group 
over the Cs symmetry. 
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